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PREFACE 

Pleating  gyroscopes  are  capable  of  sensing  both  extremely  small  and  quite 
large  absolute  angular  velocities,  and  of  functioning  reliably  under  heavy  vibra¬ 
tional  and  shock  loads. 

Floating  gyroscopes  were  originally  intended  only  for  use  in  the  inertial- 
navigation  systems  which  determine  the  altitude  of  flying  objects  (aircraft,  rock¬ 
ets,  guided  missiles,  etc.)  with  respect  to  the  earth  by  double  integration  of 
their  acceleration  with  respect  to  time.  A  navigational  system  of  this  type  was 
first  worked  out  in  the  Soviet  Union  in  1932  by  E.  B.  Ievental.  It  underwent 
further  development  in  our  country  at  the  hands  of  B.  V.  Bulgakov,  C.  0. 

*  fridlender,  L-  I.  Tkachev,  and  other  scientists  and  engineers.  A  great  deal  of  , 

attention  has  also  been  devoted  to  these  systems  in  other  countries. 

Because  of  the  advantages  which  they  offer,  floating  gyroscopes  have  recently 
found  an  increasingly  wider  range  of  application  extending  far  beyond  the  field 
of  inertial-navigation  system. 

The  present  volune  sets  forth  the  considerations  basic  to  the  design,  theory, 
and  methods  of  analysis  of  floating  integrating  and  floating  differentiating  gyro¬ 
scopes;  consideration  is  given  to  the  operation  of  the  floating  integrating  gyro¬ 
scope  in  conjunction  with  a  servo  drive  (Chapters  II,  III,  IV,  and  V).  Chapter  VI 
provides  a  brief  outline  of  the  physical  basis  of  the  inertial-navigation  system. 

In  order  to  clarify  the  considerations  which  led  to  the  development  of  the 
floating  gyroscope  and  to  establish  its  relationship  to  the  ordinary  gyroscope- 
f*  from  which  it  does  not  differ  in  principle- Chapter  I  presents  a  brief  survey  of  the 

i 
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application  of  gyroscopes  for  the  purpose  of  determining  the  orientation  of  some 
object  (an  aircraft,  guided  missile,  etc.)  with  respect  to  a  certain  system  of 
coordinates  erected  In  Inertial  space:  the  functions  and  capabilities  of  ordinary 
differentiating  and  integrating  gyroscopes  are  discussed  (Chapter  I,  Sections  3,  U, 
5,  6,  7)*  However,  Chapter  I  is  concerned  not  only  with  our  previous  store  of 
knowledge,  but  also  presents  a  number  of  new  conclusions.  These  include  derivation 
of  a  formula  for  glmballlng  error  which  Includes  a  consideration  of  the  pitching 
■ament  and  an  expression  for  the  moments  which  must  be  applied  (In  the  general 
ease)  to  a  gyroscope  with  three  degrees  of  freedom  in  order  to  Impart  the  proper 
■ode  of  rotation  In  inertial  space  to  the  spin  axis,  study  of  the  operation  of  a 
typical  Integrating  gyroscope  In  conjunction  with  a  servodrlve,  etc.  To  render  the 
book  more  understandable  to  readers  unfamiliar  with  the  general  and  applied 
theories  of  the  gyroscope,  the  first  two  sections  of  Chapter  I  give  brief  dis¬ 
cussions  of  gyroscopes  with  two  and  three  degrees  of  freedom. 

The  concrete  data  concerning  the  design  and  parameters  of  floating  gyroscopes 
and  the  equipment  used  In  their  analysis  have  been  borrowed  from  American  scien¬ 
tific  literature,  a  bibliography  of  which  is  given  at  the  end  of  the  book.  These 
generally  unrelated  references  were  systematized,  generalized,  and  subjected  to 
analysis.  The  theory  of  floating  integrating  and  floating  differentiating  gyro¬ 
scopes  set  forth  In  this  volume  takes  the  special  design  characteristics  of  these 
devices  into  account.  In  the  development  of  this  theory  special  attention  has  been 
devoted  to  definition  and  study  of  the  parameters  which  govern  the  operation  of  the 
Instruments  In  use,  and  also  to  presentation  of  these  parameters  in  a  form  which 
lends  itself  to  experimented.  Investigation  of  them.  As  a  rule,  all  theoretical 
derivations  are  accompanied  by  detailed  analyses  of  the  physical  aspects  of  the 
operation  of  the  Instrument  and  Its  various  elements.  The  paper  by  C.  S.  Draper, 

V.  Vrlgley,  and  L.  R.  Grohc  entitled  "The  Floating  Integrating  Gyroscope  end  its 
Application  to  Solution  of  the  Problem  of  Geometrical  Stabilization  in  Moving 
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Objects,"  presented  at  the  23rd  Annual  Conference  of  the  United  States  Institute  of 
the  Aeronautical  Sciences  and  published  as  a  separate  document  has  been  used  as  a 
point  of  departure. 

Considerable  attention  has  been  devoted  In  the  present  volume  to  discussion 
of  the  procedures  used  In  analysis  of  floating  gyroscopes  and  their  theoretical 
foundations . 

The  book  has  frequent  recourse  to  material  from  the  series  of  lectures  on 
aviation  Instruments  and  automatic  devices  given  at  the  Moscow  Institute  of  Avia¬ 
tion  by  0.  A.  Slooyanskiy. 

Chapters  I,  II,  III,  I V,  and  V  were  written  by  G.  A.  Slooyanskiy  and  Chapter 
VI  by  Tu.  H.  Pryadilov  under  the  editorship  of  G.  A.  Slonyanskiy,  who  made  certain 
additions  (this  chapter  is  an  abridged  and  slightly  revised  translation  of  an 
article  by  Philip  I.  Klass  published  in  the  magazine  Aviation  Week).  Yu.  If. 
Pryadilov  also  supplied  auxiliary  translations  of  some  of  the  American  literature 
references  from  which  the  practical  data  on  the  floating  syroscopes  were  borrowed. 
In  addition  to  this,  Yu.  N.  Pryadilov  Is  also  responsible  for  the  technical  prepa¬ 
ration  of  the  manuscript  and  of  the  majority  of  the  illustrations.  The  remainder 

of  the  illustrations  were  designed  by  V.  H.  Pappe. 

The  authors  consider  it  incumbent  upon  them  to  express  their  gratitude  to 
Doctor  of  Technical  Sciences  Prof.  G.  0.  Pridleader  for  the  valuable  suggestions 
which  he  offered  while  reviewing  the  manuscript. 

The  authors  are  indebted  to  V.  G.  Denisov  and  G.  T.  Astavin  for  the  assist¬ 
ance  which  they  rendered  in  selecting  the  literature  references. 
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CHAPTER  I 


BRIEF  SURVEY  OF  THE  CHARACTERISTICS  AND  CERTAIN 


APPLICATIONS  OF  GYROSCOPES 


The  high-speed  gyro scopes  uaed  in  various  types  of  gyroscopic  instruments  and 
mttehunlama  my  he  classified  under  two  basic  headings:  gyroscopes  with  two  degrees 
of  free  dan  and  gyroscopes  with  three  degrees  of  free  dan.  Each  «f  these  two  types 
is  endowed  with  Its  own  special  nature  and  characteristics.  The  class  of  gyro- 

| 

scopes  with  three  degrees  of  freedom  is  the  most  widely  used.  Recently,  however, 

Ian  number  of  uses  have  been  found  far  the  gyroscope  with  two  degrees  of 

!  .  • 

iTeedas.  The  basic  properties  of  gyroscopes  of  both  types  are  considered  briefly 
is  the  fallowing  paragraphs. 


3ectlon  1,  Brief  Consideration  of  Gyroscopes  VMth  Two 
Degrees  of  Freedom 


The  gyroscope  with  two  degrees  of  freedom  (Fig.  1.1)  consists  of  a  rotor  1  and  a 

frame  2.  The  rotor  is  mounted  in  bearings  situated  in  the  frame  and  rotates  at  high 

] 

speed  with  respect  to  the  latter  about  Its  own  axis  of  symmetry  z  at  a  constant  ang¬ 
ular  velocity  Q  ,  which  is  referred  to  as  the  velocity  of  proper  rotation  of  the 
gyroscope.  Here  and  in  the  material  which  follows  we  shall  consider  the  vector  of 

angular  velocity  to  be  extended  along  the  corresponding  axis  in  a  direction  such 

i 

that  rotation  appears  to  proceed  counterclockwise  when  viewed  from  the  end  of  the 

I 

Vector.  The  same  rule  will  also  be  observed  for  moments  of  farce  and  moments  of 

I  I 

amentias. 
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The  pirot  journals  of  the  gyro3cope  frame  are  carried  in  the  bearings  3 > 
vhlch  are  rigidly  attached  to  the  base  4.  A  gyroscope  of  this  type  hao  tvo  degrees 
of  freedom:  first,  rotation  of  the  rotor  vith  respect  to  the  frame  at  an  angular 
Telocity  o  j  and  second,  rotation  of  the  frame  vith  the  rotor  about  the  x  axis 
(see  Fig.  1.1)  relative  to  the  base  4.  In  actual  applications,  the  outer  .  ame  of 
a  gyroscope  vith  tvo  degrees  of  freedom,  i.e.,  the  housing  of  the  device  itself,  is 
■oat  frequently  used  as  the  base. 

The  axis  of  symmetry  z  is  designated  the  spin  axis  of  the  gyroscope.  The 

positive  direction  of  the  z  axis  must  coincide  vith  the  direction  of  the  vector  of 

!  ~  ; 

I  the  ■ngiiiar  velocity  0  of  the  proper  rotation  of  the  gyroscope. 

The  frame  and  rotor  are  carefully  balanced  about  the  axis  of  rotation  of  the 
trcMB  x.  A a  already  nosed,  the  proper-rotational  velocity  Imparted  to  the  gyro¬ 
scope  is  high— that  1*,  of  the  order  of  12,000  to  24,000  rpm  or  more.  A  gyroscope 
{possessing  a  high  proper-rotational  velocity  is  called  a  high-speed  gyroscope. 

The  moment  of  momentum  of  a  gyroscope  about  the  rotor-spin  axis  z  is  gen- 

I  I 

•rally  designated  the  angular  momentum  of  the  gyroscope  and  is  represented  by  the 

i 

letter  fi. 


l 


(1.1) 


vhere  C  is  the  aerial  moment  of  inertia  of  the  gyroscope  (the  moment  of  inertia  of 

2  ' 

the  gyroscope  about  its  spin  axis)  in  gf-cm-sec  . 

It  is  a  known  fact  in  gyroscope  theory  that  if  the  base  gyroscope  vith  tvo 
!  degrees  of  freedom  is  rotated  vith  an  angular  velocity  -  vhose  vector  is  perpen¬ 
dicular  to  the  axis  of  rotation  of  the  gyroscope  frame  and  forma  some  angle  ©  vith 
| the  vector  £,  a  "gyroscopic  aoaent"r(a  Coriolis  inertia  equal  to  the  vector  pro¬ 
duct  of  the  vector  H  by  the  vector  «*  )  vill  be  exerted  on  the  frame.  Thus  the 
!  “  I 

gyroscopic  moment  ] _ _ 
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perpendicular  to  the  plane  containing  the  vector  of  the  proper  moment  H  and 
vector  «*  (i.e.,  it  acts  about  the  axis  of  rotation  of  the  frame)  and  is  so 

directed  that  the  first  vector  tends  to 
bring  itself  into  coincidence  with  the 
second  by  the  shortest  possible  path 
(Fig.  l.l).  If  the  gyroscopic  moment 
encounters  no  resistance  it  will  turn 
the  frame  with  the  rotor  into  a  posi¬ 
tion  in  vhich  the  vector  H  will  coin¬ 
cide  with  the  vector  «*  .  Rotation  of 
the  base  of  a  gyroscope  with  two  de¬ 
grees  of  freedom  about  axes  coinciding 


fig.  1.1.  Gyroscope  with  two  degrees  of  with  or  parallel  to  the  spin  axis  or  the 
freedom: 

1)  gyroscope  rotor;  2)  frame;  3)  bearings;  axis  of  rotation  of  the  frame  cannot 
4)  base. 

I  give  rise  to  a  gyroscopic  moment,  since 

no  Coriolis  inertia  arises  under  these  conditions. 

It  should  be  noted  that  the  gyroscopic  moment — all  other  factors  considered 
equal— will  assume  a  maximum  value  at  the  point  where  the  angle  9  s90°,  i.e.,  when 
the  vector  of  the  rotational  velocity  of  the  base  «  is  perpendicular  to  the  vector 
pf  the  proper  gyroscopic  moment  IJ.  This  follows  immediately  from  Formula  vl.2) . 

If  an  external  moment  H  is  applied  about  the  axis  of  rotation  x  of  the  frame 
(Fig.  1.1)  of  a  gyroscope  with  two  degrees  of  freedom,  the  gyroscope  will,  under 
the  influence  of  this  moment,  belmve  like  any  other  solid  object  having  a  fixed  axis 
Of  rotation  (in  our  case,  the  x  axis).  In  other  wards,  the  rotation  of  the  frame 
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with  the  gyroscope  about  the  x-axls  is  subject  In  this  case  to  the  equation 
(neglecting  friction): 


(1.3) 


Where  J  Is  the  mcsient  of  Inertia  of  the  frame  with  the  gyroscope  relative  to  the 
2 

X  axis  in  gf-cm-sec  and  8  is  the  angle  through  which  the  frame  rotates  about  the 

x  axis. 

The  only  difference  between  this  gyroscope  and  the  solid  object  will  ccnslBt  in 
the  fact  that  the  bearings  of  the  frame  will  receive  an  additional  load  due  to  the 
gyroscopic  moment  which  arises  from  the  angular  velocity  i  of  the  spin  axis  and  is 
proportional  to  this  velocity.  However,  if  the  frame  carrying  the  gyroscope  la 
given  a  velocity^  about  the  x-axls  at  the  Instant  t»0  and  Is  thereafter  left  un¬ 
hindered,  It  will  continue  to  rotate  at  th's  velocity  far  an  Indefinite  period  like 


any  other  solid  body.  In  practice,  however,  friction  in  the  bearings  and  air  re- 

I  1 

Slatance  will  eventually  bring  this  motion  to  a  halt.  Thi  s  a  gyroscope  with  two  de- 

I 

greet  of  freedom  cannot  persistently  maintain  the  position  originally  imparted  to  it. 

The  capacity  of  a  gyroscope  with  two  degrees  of  freedom  to  react  to  an 
angular  velocity  *•  by  generating  a  gyroscopic  moment  r  proportional  to  u  and  applied 
to  the  frame  of  the  gyroscope  1»  an  extremely  valuable  one  IT  an  &  practical  stand- 

i 

l 

point,  since  it  permits  such  gyroscopes  to  be  used  as  units  which  are  sensitive  to 
angular  velocities.  Highly  Important  gyroscopic  devices,  such  as  the  differenti- 
Iting  and  integrating  gyroscopes,  which  will  be  considered  later,  have  been  con¬ 
structed  on  the  basis  of  this  property  of  the  gyroscope  with  two  degrees  of  freedom. 


Section  2.  Brief  Consideration  of  Gyroscopes  With  Three  Degrees  of  Freedom 


The  gyroscope  with  three  degrees  of  freedom  (Fig.  1.2)  consists  of  the  rotor  1, 
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the  inner  frame  2  of  the  gimbal  suspension  and  the  outer  frame  3  of  the  gimbal 
suspension.  The  rotor  is  mounted  in  bearings  carried  on  the  inner  frame,  and  re¬ 
volves  rapidly  with  respect  to  the  latter  with  a  constant  angular  velocity  J7  about 
the  spin  axis  z.  The  inner  frame  may  rotate  with  respect  to  the  outer  frame  about 
the  x  axis.  The  outer  frame  is,  in  turn,  mounted  in  bearings  fixed  in  the  base  h, 
and  may  rotate  with  respect  to  the  latter  about  Y  axis. 

Thus  the  rotor  of  the  gyroscope  has  three  degrees  of  freedom:  first,  the 
rotation  of  the  rotor  itself  with  respect  to  the  inner  frame  about  the  spin  axis  z; 
second,  the  rotation  of  the  inner  frame  carrying  the  rotor  about  its  x  axis  relative 
to  the  outer  frame;  and  third,  the  rotation  of  the  outer  frame  carrying  the  inner 
frame  with  the  rotor  about  its  Y  axis  with  respect  to  the  base.  The  spin  axis  of 
the  gyroscope  has  two  degrees  of  freeoom.  The  point  0,  at  vnich  the  x  axis,  the 
Y  axis  of  the  gimbal  suspension  and  the  spin  axis  *  intersect,  is  the  fixed  point 
of  the  gyroscope.  All  of  the  motions  of  the  gyroscope  reduce  to  its  rotation  with 
a  certain  instantaneous  angular  velocity  relative  to  the  fixed  point  0.  In  a 
mechanical  sense,  therefore,  the  gyroscope  with  three  degrees  of  freedom  represents 
a  solid  body  secured  at  a  single  point — the  fixed  point  0. 

All  components  of  the  gyroscope  with  three  degrees  of  freedom  are  subjected  to 
careful  static  balancing  with  respect  to  the  axes  of  rotation  of  the  glmbal-suspen- 
sion  frames  so  that  the  center  of  gravity  of  the  entire  frame-and-rotor  system  will 
coincide  with  the  fixed  point  0.  When  this  condition  is  established,  the  gyroscope 
is  referred  to  as  astatic.  The  rotors  of  gyroscopes  with  either  two  or  three  de¬ 
grees  of  freedom  are  balanced  dynamically  about  their  spin  axes  z . 

Let  us  consider  the  basic  characteristics  of  the  high-speed  gyroscope  with 
three  degrees  of  freedom. 

1.  If  a  certain  direction  in  inertial  space,  e.g.,  the  direction  of  a  certain 
fixed  star,  is  imparted  to  the  spin  axis  at  the  initial  moment  of  the  time,  and  the 
gyroscope  is  thereafter  left  unhindered  and  free  from  the  influence  of  any  external 
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Fig.  1.2.  Gyroscope  with  three  de¬ 
grees  of  freedom. 

1)  Rotor  of  gyroscope;  2)  inner  gimbal- 
• u* pens ion  frame;  3)  outer  gimbal-sus- 
pension  frame;  4)  base;  Q.)  fixed  point 
of  gyroscope;  x)  axis  of  rotation  of 
inner  gimbal-auapension  frame;  J)  axis 
of  rotation  of  outer  gimbal-auapension 
frame;  x)  spin  axis  of  gyroscope. 


moments,  it  will  rigidly  retain  the 
direction  in  inert: *1  space  which  was 
originally  imparted  to  it;  this  rigidi¬ 
ty  will  increase  with  increasing  magni¬ 
tude  of  the  proper  moment  H.  In 
practice,  however,  it  is  impossiule  to 
attain  complete  freedom  from  effects 
exerted  on  the  gyroscope  by  external 
moments;  consequently,  ideal  mainten¬ 
ance  by  the  gyroscope  of  the  direction 
originally  Imparted  to  it  is  not 
possible. 

This  is  explained  as  follows: 
First,  it  is  impossible  in  practice  to 
fabricate  acceptable  glmbal-suspension 
bearing"  with  virtual  freedom  from 
friction,  and  consequently  to  free  the 
of  the  frictional  moments  which  arise  in 


gyroscope  completely  from  the  Influence 
these  bearings.  Secondly,  it  is  impossible  to  construct  an  ideally  astatic 
gyroscope.  As  a  result  of  noncoincidence  of  the  center  of  gravity  of  the  gyro¬ 
scope  with  its  fixed  point  0,  a  gravitational  moment  will  be  exerted  on  the  gyro 
scope,  and,  when  the  base  is  subject  to  accelerated  motion,  a  moment  of  transfer 
inertia  as  well. 


♦(Author's  note)  Here  and  throughout,  the  term  rigidity  refers  to  the  capacity 
of  a  high-speed  gyroscope  with  three  degrees  of  freedom  to  resist  the  influence 
of  externally  applied  moments.  Thus,  the  greater  the  rigidity  of  the  gyroscope, 
the  smaller  will  be  its  deflection  from  its  original  position  under  the  action 
of  a  given  applied  moment. 
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Any  gyroscope  vith  three  degrees  of  freedoa  used  in  practice  will  according¬ 
ly  depart  in  the  course  of  time  from  the  direction  in  inertial  apace  which  was 
originally  imparted  to  it.  This  departure  is  frequently  referred  t,o  as  gyro¬ 
scopic  drift.  The  drift  velocity  will  he  a  function  of  the  parameters  of  the 
gyroscope  and  the  quality  of  its  construction.  The  drift  velocity  of  a  real 
gyroscope  has  both  systematic  and  accidental  components.  The  systematic  compon¬ 
ent  of  the  drift  velocity  may  be  compensated  by  applying  an  appropriate  moment 
to  the  gyroscope,  but  it  is  impossible  to  compensate  the  accidental  drift-veloci¬ 
ty  components. 

2.  An  external  moment  M,  acting  on  the  gyroscope  about  the  axis  of  rota¬ 
tion  of  one  of  the  gimbal-suspension  frames,  will  cause  the  spin  axis  to  rotate 
(precession)  about  the  axis  of  rotation  of  the  other  gimbal  frame  at  a  velocity 

O  _ _ 

//sin*  ’  (1.4) 

where  0  is  the  angle  between  the  gimbal  frames. 

This  rotation  has  a  tendency  to  superpose  the  vector  H  on  the  vector  M. 

|  If  the  external  moment  M  acts  about  the  axis  of  rotation  of  the  outer  gimbal - 
suspenslon  frame,  the  spin  axis  (the  vector  H)  will,  in  the  course  of  time,  co¬ 
incide  with  the  axis  of  rotation  of  this  frame.  If  the  moment  M  acts  about  the 
axis  of  rotation  of  the  outer  frame  this  coincidence  will  not  occur,  as  will 
xvadlly  be  seen  from  fig.  1.2. 

In  cases  where  the  moment  applied  to  the  gyroscope  does  not  coincide  in 
c traction  vith  the  axis  of  rotation  of  either  of  the  gimbal  frames,  only  its 
projections  to  these  axes  will  give  rise  to  procession.  Formula  (1.4)  and  its 
accompanying  explanation  are  referred  to  as  the  law  of  precession  of  the  high¬ 
speed  gimbal -suspended  gyroscope,  and  the  motion  of  the  gyroscope  under  the 
Influence  of  an  external  moment  which  they  characterize  is  known  as  gyroscopic 
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Let  us  consider  examples  vhich  serve 


to  illustrate  this  lav. 


precession.  i-<c >.  u»  - *- - 

Suppose  that  an  external  moment  due,  say,  to  a  load  of  weight  F  suspend¬ 
ed  on  the  arm  1  (see  Fig.  1.2)  from  the  outer  frame-acts  on  the  eyroscope  about 
the  axis  of  rotation  x  of  the  inner  frame  of  the  gimbal  suspension.  This  ccraent 

will  be  equal  to 

At _=P/  tin  ■ 


where  0  is  the  angle  between  the  gimbal  frames. 

In  accordance  with  the  lav  of  precession  (l.M»  the  gyroscope  will  rotate, 

or  "preceas"  under  the  influence  of  the  moment  ^  at  a  velocity 

o  *•  -  r>‘ 

^  r  //tint  H 

about  the  axis  of  rotation  T  of  the  outer  frame.  This  precession  will  continue 
until  the  load  P  la  removed,  i.  e.  as  long  as  the  moment  remains  effective. 

■ov  let  un  externa]  moment  ^  be  applied  to  the  gyroacope  about  the  axis 
of  rotation  of  the  outer  frame  (Pig.  1.2).  Thereupon  the  gyroscope  will  precesa 
about  the  axia  of  rotaticn  of  the  inner  frame  at  a  velocity 

o  _  Mr 

WM  Miln  #' 

in  accordance  with  the  law  of  precession. 

If  the  moment  acts  for  a  sufficiently  long  period,  this  precession  will 

sooner  or  later  bring" the  spin  axis  z  into  coincidence  with  the  axia  T  of  the 
outer  frame.  Here  the  gyroscope  loses  one  degree  of  freedom,  and  consequently 
will  no  longer  possess  the  ch-racteriotics  of  gyroscopes  with  three  degrees  of 
freedom,  hence  it  is  no  longer  subject  to  the  law  of  precession.  For  this 
reason,  coincide  1Ce  of  the  gimbal  frames  must  not  be  permitted  to  occur  under 

actual  operating  conditions . 

8  . 
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deferring  back  to  Formula  (1.4),  we  should  note  that  the  given  moments 
acting  along  the  axes  of  the  giabal  frames  will  produce  higher  precesslonal 
velocities  as  the  angle  between  the  glmbal  frames  departs  increasingly  from  90  . 
The  smallest  precesslonal  velocities  are  obtained  when  the  glmbal  frames  ere 
mutually  perpendicular  (©  =  90°).  Accordingly,  a  high-speed  gyroscope  will 
achieve  maximal  rigidity  with  respect  to  the  disturbance  moments  acting  upon  it 
when  its  glmbal  frames  are  mutually  perpendicular.  Formula  (1.4)  for  the  pre¬ 
cesslonal  velocity  of  the  gyroscope  takes  the  following  form  for  the  case  of  mut¬ 
ually  perpendicular  frames: 

U-5) 

The  actual  motion  of  a  gyroscope  with  three  degrees  of  freedom  under  the 
Influence  of  an  external  moment  is  somewhat  more  complex  than  that  Indicated  by 
the  law  of  precession.  Let  us  consider  This  motion. 

Let  us  again  apply  an  external  moment  to  the  gyroscope  about  Its  X  axis; 
this  may  be  done,  as  before,  by  means  of  a  load  P  (Fig.  1-3).  Assume  that  the 
spin  axis  is  stationary  at  the  moment  of  application  of  the  load  P  and  that  the 
load  ia  applied  without  Imparting  a  velocity  to  the  sp?“  axis.  In  accordance 
with  the  law  of  precession,  the  gyroscope  will  precesa  (rotate)  about  the  T  axle 
under  the  Influence  of  the  moment  at  an  angular  velocity 

The  end  of  the  spin  axis  will  now  describe  the  circular  arc  as,  (Pig-  1*3)  • 
In  actuality,  however,  the  gyroscope  will  move  in  such  a  way  that  uhe  end  of  the 
spin  describes  tbe  trajectory  represented  by  the  heavy  line  in  Fig.  1.3- 

The  spin  axis  will  revolve  about  the  T  axis  In  one  direction  with  a  periodically 
varying  velocity  whose  mean  value  during  a  period  T  will  be  equal  to  the  velocity 


J9. 
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It  will  oscillate  simultaneously  about  the  axis  to  which  the  external  moment  Is  ap- 

2AM  A  ,  . 

plied  (the  g  axis)  with  an  amplitude  fi*  - .  &nd  a  Perlod  l£  -  2'“7f  •  v  ere  - 

is  the  equatorial  moment  of  Inertia  of  the  gyroscope  in  gf-cm-sec^,  l.e.  the  moment 
of  Inertia  of  the  gyroscope  rotor  about  any  axis  passing  through  the  point  0  perpen¬ 
dicular  to  the  spin  axis  z  (neglecting  the  Inertia  of  the  glmbal  frames,  although 

they  also  exert  an  Influence  on  $*  and  T  ) .  , 

This  oscillation  of  the  spin  axis 

i 

about  the  axis  to  which  the  external  mo¬ 
ment  Is  applied  Is  called  nutation.*  It 
*  ^  can  he  seen  from  the  formulas  for  fi  *  and 

it  T  that  nutation  becomes  less  pronounced 

w  ~2 

Tl  as  H  Increases .  Consequently,  the  higher 

^  the  velocity  of  proper  rotation  of  the 

gyroscope,  the  smaller  5*  and  will  be. 
The  actual  trajectory  described  by  the  end 
of  the  spin  axis  may  also  assume  looped  or 
wavy  forms ,  depending  on  the  initial  con- 

Flg.  1.3  Precession  and  nutation  of  a 

gyroscope  with  three  degrees  ditlons. 

of  freedom.  ,  .. 

In  high-speed  gyroscopes,  the  ampli¬ 
tude  $*  and  the  period  T£  are  so  small  as  to  be  practically  Imperceptible.  There¬ 
fore  nutation  Is  usually  neglected  In  studies  of  the  motion  of  high-speed  gyroscopes 
under  the  Influence  of  external  moments,  l.e.  only  the  fundamental  precesslonal 
motion  of  the  spin  axis  as  determined  by  the  law  of  precession  Is  taken  Into  account. 
Let  us  Justify  this  procedure  In  an  example  using  a  gyroscope  with  relatively 
™  t Jfutation  (Latin);  nodding. 
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small  H.  We  shall  assume  that  C  for  this  gyroscope  Is  1  gf-cm-sec  ,  A  -  0.6c, 

0  -  12,000  rpm  •  1+00  «  rad/sec.  Then,  applying  the  formulas  for  fi*  and  and 

Formula  (l.l)  we  find  that 


<i  *«*)• 


•  76- 10“  *AI, 


or,  expressing 


p*  In  seconds  with  Mx  In  gf-cm, 


r* -0.157  Mj. 


Even  with  Mx  «=  100  gf-cm— a  very  high  figure  for  gyroscopes  of  this  type 


r- 1» 

•  61 


l«0« 


—0.003  mi, 


Such  oscillation  Is  virtually  unnotlceable  and,  as  we  said.  Is  usually 
neglected.  Since  nutation  Is  highly  undesirable  In  gyrotaechanisms,  they  are 
usually  designed  in  such  a  way  that  the  amplitude  of  nutation  is  quite  small  with 
the  result  that  nutation  Is  Imperceptible  In  operation. 

3.  The  high-speed  gyroscope  with  three  degrees  of  freedom  is  practically  In- 
ertlaless .  This  means  that  precession  ceases  Immediately  the  external  moment  act 
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fig.  1.4.  Inertial  motion  of  gyroscope  with 
three  degrees  of  freedom. 

lng  upon  the  gyroscope  is  removed.  The  inertial  motion  of  the  spin  axis  which 
arises  when  precession  ends  proceeds  with  such  a  small  amplitude  and  such  a  high 
frequency  that  it  is  virtually  imperceptible.  Furthermore,  this  inertial  motion 
is  rapidly  damped  by  air  resistance  and  the  inevitable  hearing  friction. 

To  clarii^r  the  nature  of  the  inertial  motion  of  a  gyroscope  with  three  de¬ 
grees  of  freedom,  let  us  refer  to  Fig.  1.4.  Let  us  assume  that  the  gyroscope  has 
a  proper-rotational  velocity  a  and  is  fixed  immovably  in  inertial  space.  Now, 
by  striking  the  frame,  for  example,  let  us  impart  to  it  an  additional  angular 
velocity  about  the  £  axis,  which  is  perpendicular  to  the  x  and  z  axes  and,  with 
them,  forms  a  trihedron  (at  the  initial  instant,  the  £  axis  coincides  with  the 
T  axis);  then  let  us  leave  the  gyroscope  to  itself,  vithout  exerting  any  external 

* 

9 
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moment  upon  It. 


Since  the  instantaneous  absolute  angular  velocity  or  the  gyroscope 
5  a  »  S  +  8  ^  will  now  no  longer  coincide  in  direction  with  the  spin  axis  z,  but 
fora  an  angle  *  with  It  (see  Fig.  1.1»)  such  that  tan  *  =  o  ^  /  o  ,  the  spin  axis 
will  no  longer  be  fixed  in  inertial  space,  but  will  begin  to  more  relative  to  it. 

The  notion  which  begins  will  be  an  Inertial  motion  since  we  have  imposed  the  con¬ 
dition  that  no  external  moments  act  on  the  gyroscope.  In  its  inertial  motion,  the 
®pl^  axis  of  the  gyroscope  will  describe  a  circular  cone  with  a  constant  angular 
velocity  «0  about  the  stationary  vector  0  of  the  kinetic  accent  of  the  gyroscope 
with  respect  to  the  fixed  point  0.  The  magnitude  and  direction  of  the  vector  ©  ere 
constant  since  no  external  moments  are  applied  to  the  gyroscope  (kinetic -moment 
theorem) . 

The  kinetic  moment  0  of  a  gyroscope  is  the  result  of  rotation  of  the  gyroscope 
about  its  spin  axis  z  as  well  as  of  rotation  of  the  spin  axis  Itself.  The  proper 
moment  H  of  the  gyroscope  is  equal  to  the  projection  of  the  vector  O  onto  the  spin 
£  **1“  •  The  second  canponent  of  the  vector  ©  ,  which  Is  perpendicular  to  the  z  axis. 
Is  referred  to  as  the  equatorial  component  of  the  kinetic  moment  of  the  gyroscope. 
Since  the  velocity  with  which  the  spin  axis  of  a  high-speed  gyroscope  rotate  Is 
small  by  canparison  with  its  proper-rotational  velocity,  the  eqimtarlm:  component  of 
ths  kinetic  moment  ©  of  a  nigh-speed  gyroscope  Is  negligibly  small  by  comparison  with 
the  angular  momentum  of  the  gyroscope  H. 

The  apical  angle  of  the  cone  (2  t  )  is  determined  from  the  expression 


Where  C  and  A  are  the  axial  and  equatorial  moments  of  inertia  of  the  gyroscope  (the 
Inertia  of  the  gimbal  frames  is  neglected) . 
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■ament  upon  it. 

Since  the  Instantaneous  absolute  angular  velocity  of  the  gyroscope 
“  a  •  5+  5^  vill  now  no  longer  coincide  in  direction  with  the  spin  axis  i,  but 
far*  an  angle  f  with  It  (see  Klg.  1.4)  such  that  tan  ^  :  q  ^  /q  ,  the  spin  axis 
vill  no  longer  be  fixed  in  inertial  space,  but  vill  begin  to  move  relative  to  It. 

Ihe  motion  vhich  begins  vill  be  an  Inertial  motion  since  ve  have  imposed  the  con¬ 
dition  that  no  external  moments  act  on  the  gyroscope.  In  its  inertial  motion,  the 
spin  axis  of  the  gyroscope  vill  describe  a  circular  cone  vith  a  constant  angular 
Velocity  Mg  about  the  stationary  vector  0  of  the  kinetic  moment  of  the  gyroscope 
Vith  respect  to  the  fixed  point  0.  The  magnitude  and  direction  of  the  vector  0  are 
constant  since  no  external  moments  are  applied  to  the  gyroscope  (kinetic -moment 
theorem) . 

The  kinetic  moment  0  of  a  gyroscope  is  the  result  of  rotation  of  the  gyroscope 
■bout  its  spin  axis  z  as  veil  as  of  rotation  of  the  spin  axis  itself.  The  proper 
moment  H  of  the  gyroscope  is  equal  to  the  projection  of  the  vector  0  onto  the  spin 

I 

«  axis.  The  second  component  of  the  vector  O  ,  vhich  is  perpendicular  to  the  z  axis. 
Is  referred  to  as  the  equatorial  component  of  the  kinetic  moment  of  the  gyroscope. 

8  luce  the  velocity  vith  vhich  the  spin  axis  of  a  high-speed  gyroscope  can  rotate  is 

i 

Small  by  comparison  vith  its  proper-rotational  velocity,  the  equatorial  component  of 
tbs  kinetic  moment  0  of  a  high-speed  gyroscope  is  negligibly  small  by  comparison  vith 
the  angular  momentum  of  the  gyroscope  H. 

The  apical  angle  of  the  cone  (2  9  )  Is  determined  from  the  expression 


ii>  & 


c  a  ’ 


vtaere  C  and  A  are  the  axial  and  equatorial  moments  of  inertia  of  the  gyroscope  (the 
Inertia  of  the  glmbal  frames  is  neglected). 
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T*loclty  Kp  Is  the  canponent  of  the  -velocity  «  directed  along  the 
rector  0  and  is  obtained  on  deconposition  of  *  in  the  directions  of  the  vector 
O  and  the  spin  axis  z  (see  Fig.  1.4).  Using  the  similar  triangles  end  ODF,  we 
obtain  the  value  of  the  velocity  in  the  farm 


where ©^=  A  Qy  i*  the  equatorial  component  of  the  gyroscope's  kinetic  moment. 

It  is  evident  from  the  expression  far  tan  «  that  this  angle  is  very  small, 
since  the  velocity  which  may  be  Imparted  in  practice  to  the  spin  axis  of  a  high- 
peed  gyroscope  without  damaging  the  gyroscope  (in  our  case,  the  velocity  a  )  is 
•  coMidMisfcly  smaller  than  the  proper-rotational  Telocity  0  .  Moreover,  A  <  C  in 
production  gyroscopes.  Let  us  consider  an  example. 

I 

Suppose  we  have  a  gyroscope  with  comparatively  small  H  whose  characteristic 
values  ire  ss  follows:  C  .  1  gf-ca-sec2,  A  -  O.fc,  a  .  12,000  rpm.  Let  us  im- 
psrt  to  it  s  secondary  angular  velocity  Q  £  =  10  rpm  (Fig.  1.4)  which  we  know  to  he 
larger  than  the  velocity  which  can  he  given  the  spin  axis  of  a  gyroscope  of  this 
type.  Then,  applying  the  formula  far  tan  #  ,  ve  obtain 


u«  I. 


0.6- 1 


JO 


1  12/300 


•o.ooos, 


In  this  example,  therefore,  the  total  apical  angle  of  the  cone  described  by  the 
spin  axis  in  its  inertial  motion  will  be  3'  26". 

As  seen  from  the  expression  given  for  the  velocity  «Q  ,  this  is  greater  than 
the  proper-rotational  velocity  0  . 

Accordingly,  the  inertial  motion  or  the  spin  axis  may  always  be  kept  practically 

J.4 
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Imperceptible  by  proper  selection  of  the  gyroscope  parameters.  This  condition  is 
invariably  met  in  the  case  of  high-speed  gyroscopes.  At  the  instant  at  which  the 
external  moment  applied  to  the  gyroscope  ceases  to  act — as  a  result  of  which  pre¬ 
cession  also  stops— the  instantaneous  absolute  angular  velocity  of  the  gyroscope 
Mil  1  te  composed  of  the  proper-rotational  velocity  and  the  velocities  of  precession 
and  nutation  which  prevailed  at  this  instant,  and  will  consequently  be  directed  at 
a  certain  snail  angle  to  the  spin  axis.  The  inertial  motion  will  begin  as  a  result 
of  this.  As  indicated  previously,  however,  the  amplitude  of  tils  motion  will  he  so 
snail  in  highspeed  gyroscopes  that  the  spin  axis  will,  in  practice,  become  sta¬ 
tionary  as  soon  as  the  external  moment  ceases  to.  act.  Also  mentioned  above  was  the 
fact  that  friction  in  the  gimbal- suspens ion  bearings  and  air  resistance  lead  to 
rapid  decay  of  the  inertial  motion  of  the  spin  axis.  It  is  this  which  causes  the 
practically  inertialess  character  of  the  high-speed  gyroscope. 

A.  Tbs  high-speed  gyroscope  with  three  degrees  of  freedom  is  characterized 
by  rigidity  toward  disturbing  forces  which  act  for  short  periods.  This  means  that 
vhen  a  short-term  disturbing  farce  acts  upon  this  gyroscope,  its  rotor  spin  axis 
I  will  experience  virtually  no  change  of  direction  in  space. 

■  It  should  be  remembered,  however,  that  even  very  small  external  moments  which 

act  far  considerable  periods  in  one  direction  are  capable  of  producing  considerable 
deflections  of  the  gyroscope  spin  axis  from  its  original  position. 

The  fundamental  properties  of  the  high-speed  gyroscope  with  three  degrees  of 
freedom  which  we  have  outlined  above  sre  such  as  to  ensure  its  use  over  a  broad 
range  of  technical  fields.  In  certain  cases,  however,  the  degree  of  precision  with 
which  it  is  necessary  to  maintain  the  direction  in  inertial  space  originally  im¬ 
parted  to  the  gyroscope  is  so  high  that  it  is  frequently  impossible  to  ensure  this 
precision  by  ■»"«  of  the  designs  ordinarily  used  far  gyroscopes  with  three  degrees 
of  freedom. 
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Section  3-  Certain  Specific  Applications  of  the  Gyroscope 
With  Three  Degrees  of  Free  don 


The  technical  applications  of  gyroscopes  with  three  degrees  of  freedom  are 
exceedingly  numerous  and  varied  with  respect  to  both  the  purpose  involved  and  the 

way  In  which  the  gyroscope  Is  put  to  use. 
Here  we  shall  consider,  In  one  of  Its 
variants,  the  practice  of  using  a  gyro¬ 
scope  with  three  degrees  of  freedom  to 
determine  the  orientation  of  some  object 
(an  aircraft,  rocket,  etc.)  with  reference 
to  a  certain  coordinate  system  which  mry 
he  either  fixed  or  revolving  In  a  pre¬ 
scribed  manner  In  Inertial  space.  This 
application  of  the  gyroscope  Is  of  the 
highest  Importance  In  controlling  the 
motion  of  aircraft,  rockets,  etc.  We  shall  not,  however,  make  It  our  purpose  to 
study  this  problem  In  detail,  but  shall  consider  It  In  general  terms  and  only  to  the 
extent  necessary  to  explain  why  the  so-called  floating  gyroscope  has  now  been 
adopted  as  a  means  of  solving  the  most  critical  cases  of  the  above  problem. 

Let  AXqJTqZ q  be  some  earth-related  or  Inertial  system  of  coordinates  (Fig.l.?). 
It  will  be  recalled  that  a  system  of  measurement  Is  termed  Inertial  when  Newton's 
first  law  (the  law  of  Inertia)  applies  to  It.  Suppose  further  that  some  object, 
e.g.,  a  rocket.  Is  moving  with  respect  to  this  system  of  coordinates.  The  trihedron 
OXYZ,  whose  origin  occurs  at  the  object's  center  of  gravity  0,  is  permanently  at¬ 
tached  to  It.  The  X  and  Y  axes  He  In  the  object's  longitudinal  plane  of  symmetry, 


Fig.  1.5 •  Determination  of  the 
position  of  an  object  moving 
In  space. 
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with  the  X  axis  directed  along  the  longitudinal  axis  of  the  object.  We  shall  des¬ 
ignate  X  the  longitudinal  axis,  Y  the  normal  axla,  and  Z  the  transverse  axis.  The 
positive  directions  of  these  axes,  as  well  a8  those  of  all  the  other  axes  repre¬ 
sented  In  Fig.  1*5,  are  Indicated  by  the  arrows.  Further,  let  us  take  a  system  of 
axes  0  £  Tj  £  which  have  their  origin  at  the  same  point  0  and  proceed  parallel  to 
the  axes  of  the  Ax^^Q-system  or  possess  a  definite  orientation  with  respect  to 
the  earth. 

The  position  of  the  object  in  question  with  respect  to  the  coordinate  system 
AXqJqZq,  or  with  respect  to  the  earth  when  the  axes  AXq^q^q  are  referred  to  the 
<  o-th  and  the  axes  0  §  ^  £  ate  related  to  it  in  a  definite  maimer,  Is  determined 

by  the  three  coordinates  of  its  center 
of  .  gravity  0  and  the  three  angles  p ,  , 

and  y  which  describe  the  position  of  the 
OXYZ-system  with  respect  to  the  axes 
0  let  us  examine  these  angles. 

it*  system  0  Jj  ^  £  may  be  shifted  to  the 
position  of  OXYZ  by  three  rotational 
operations,  as  follows  (Fig.  1.6).  First, 
we  must  turn  the  system  of  axes  0  ]PJ7£ 
through  an  angle  if)  about  the  axis  £ , 
bringing  the  axes  £  and  Tf  Into  the 
positions  Zx  and  X^;  next,  the  system 
0X^£  Z^  should  be  turned  through  an  angle 
J  about  the  Z^  axis,  so  that  the  axes 
and  £  occupy  the  positions  X  and  Y 
finally,  the  system  OXY^  must  be  rotated 
through  an  angle  *y  about  the  X-axis, 
whereupon  the  ax's  Yg  and  Z^  assume  the 


Fig.  1.6.  The  angles  p ,  ^ , 
and  Y  *  whlch  characterize  the 
position  of  the  axes  OXYZ  of 
the  object  with  re spec?  to  the 
axes  0£?7£,  which  have  a  fixed 
orientation  In  space . 
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position*  Y  and  Z  and  the  system  0  f  *  t  has  been  made  congruent  with  the  system 
OXYZ  .  The  coeinee  of  the  angle*  formed  by  the  axes  X,Y,  and  Z  with  the  axes 
f  ,  *  ,  and  C  are  presented  in  the  following  table: 


( 

i  1  1 

C 

/ 1 

n~ 

|  —  liny  cos# 

cos  t  cos  (  ! 

1  .  .  J 

1  sin  t 

i 

r 

cos  *m  i 

sin  if  un  i 

! 

cos  t  cos  i 

2  j 

l  " 

|  COS  y  COS  1 

sia  4  rot  7  1 

1 

—  cos  (tin  7 

(1.6) 


The  three  angles  under  consideration  --  i  ,6  ,  and  v  —  fully  determine  the 
directions  of  the  axes  OXYZ  of  the  object,  cr,  in  other  words,  its  position  with 
respect  to  the  axes  0  {  ?f.  Since  the  angles  +,  *  ,  and  T  are  the  angles  of 
rotation  of  the  object  about  the  axes  {  ,  Zj,  and  X,  the  latter  will  be  referred 

:  to  as  the  axes  of  measurement,  i.e.  the  axes  to  vhlch  measurements  of  the  above 
angles  are  referred. 

Thus  in  order  to  determine  the  position  of  the  object  with  reference  to  the 

i 

system  AxqYqZq  (Fig.  1.5)*  it  is  necesairy  to  have  the  three  coordinates  of  its 

i 

|  center  of  gravity  0,  which  determine  the  location  of  the  object,  and  the  three 
angles  1>  ,  a  ,  and  t  ,  knowledge  of  which  is  necessary  far  control  of  the  ob¬ 
ject's  motion.  The  coordinates  of  the  center  of  gravity  0  are  measured  by  means 
of  the  so-called  navigation  systems,  which  perform  this  operation  either  semi- 
automat  ically  or  automatically.  If  the  moving  object  is  an  airplane  and  is  not 

I 

I 

equipped  with  an  automatic  or  seal-automatic  navigation  system,  its  location  with 
reference  to  the  earth  --  in  other  words,  its  location  with  respect  to  the  system 
Ajq JTqZq,  which  in  this  case  is  referred  to  the  earth  --  is  determined  by  the  pilot 
or  navigator,  using  aerial-navigation  techniques  and  the  appropriate  immediate- 
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•valuation  devices. 

There  are  in  existence  several  t.ypes  of  navigation  systems  which  differ 
fras  one  another  In  operating  principle.  Ore  of  these  --  the  inertial-navigation 
system,  for  which  floating  gyroscopes  have  also  been  developed  --  will  be  dis¬ 
cussed  In  general  terms  In  the  last  chapter  of  this  book. 

Although  determination  of  the  coordinates  of  the  center  of  gravity  0  of  the 
object,  l.e.  its  location,  is  possible  and  was  accomplished  far  same  time  without 
the  aid  of  gyroscopes ,  no  generally  reliable  method  exists  for  direct  determination 
without  the  use  of  gyroscopes  of  the  angle s  ♦  ,  4  ,  and  y  for  an  object  moving 

through  the  air. 

Let  us  assume  that  the  system  AxnYoZn  is  inertial  and  that  the  axes  0  f  n  { 
are  respectively  parallel  to  the  axes  kxr&nzni  now  consider  the  manner  in  which  it 
will  be  possible,  using  gyroscopes  with  three  degrees  of  freedom,  to  determine  the 
angles  g  ,  »  ,  and  r  far  this  case.  The  case  Is  characterized  by  the  necessity 
of  determining  these  angles  with  reference  to  the  axes  0  {  v  f,  which,  like  the 
axes  AxrQrnZoi  have  fixed  orientations  in  inertial  space.  To  make  It  possible  to 
measure  the  angles  *  ,  *  ,  and  y  ,  therefore.  It  will  first  be  necessary  to 
reproduce  the  axes  0  {  ?  f  In  a  concrete  form  --  either  together  or  separately  — 

*ln  the  moving  object,  for  this  purpose  we  may  use  a  gyroscope  with  three  degrees 
of  freedom,  vhlch,  as  indicated  In  Sec.  2,  will  possess  the  ability  to  maintain 
Its  spin  axis  rigidly  in  a  given  direction  in  Inertial  space. 

A  simplified  drawing  showing  the  design  of  a  gyroscope  with  three  degrees  of 
freedom  appears  In  Fig.  1.7.  The  gyroscope  ro'  or  and  the  inner  frame  of  the  gimbal 
suspension  together  farm,  the  so-called  gyromotar.  The  gyroscope  shown  in  Fig. 

1.7  has  an  alternating-current  gyromotar,  which  Is  usually  built  as  an  asynchro¬ 
nous  motor  with  a  short-circuited  rotor  which  revolves  at  constant  speed.  As  a 
rule,  the  Inner  frame  2  of  the  gimbal  suspension  Is  given  the  farm  of  a  closed 
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■hell  - -  a  practice  baaed  on  considerations  of  principle. 

Let  u*  mount  the  gyroscope  housing  5  In  a  moving  object,  e.g.,  the  rocket 
•hovn  in  Fig.  1.5/  In  such  a  way  that  the  fixed  point  0  of  the  gyroscope  (Fig. 

1.7)  coincides  with  the  center  of  gravity  0  of  the  object,  and  tne  axis  of  rota¬ 
tion  of  the  outer  gimbal  frame  is  directed  along  the  normal  Y  axis  of  the  object. 
The  longitudinal  and  transverse  axes  of  the  instrument  housing  are  made  to  coin¬ 
cide  with  the  longitudinal  (X)  and  transverse  ( Z )  axes  of  the  object,  respectively. 
(Figs.  1.5  and  1.7).  Let  us  further  direct  the  spin  axis  (^)of  the  gyroscope 
along  the  *  axle  of  the  system  £  (  s  f .  This  arrangement  makes  the  spin  axis 
a  concrete  reproduction  of  the  »  axis.  With  *  *  &  z  7  ,o,  the  axis  of  rotation 
Y  of  the  outer  frame  will  coincide  with  the  f  axis,  and  the  axis  of  rotation  of 
the  Inner  frame  with  the  axes  Z  and  f  ,  which  are  coincident  In  this  instance. 

The  disposition  of  the  axes  for  +  z  9  =  7  o  is  shown  In  Fig.  1.7.  We 


Fig.  1.7.  Simplified  drawing  showing  construction  of  gyroscope  with  three 
degrees  of  freedom,  l)  Bearings  of  outer  gimbal  frame;  2)  Inner  gimbal 
frame;  3)  bearings  of  Inner  frame;  1*)  gyromotor  stator;  5)  gyroscope 
housing;  6)  outer  gimbal  frame;  7)  gyroscope  rotor. 
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have  noted  that  the  device  la  positioned  in  euch  a  way  that  the  fixed  point  0 
of  the  gyroscope  coincide*  with  the  center  of  gravity  0  of  the  object.  This 
condition  ia  by  no  mean*  obligatory,  however,  and  has  only  been  made  to  make  the 
discuss ion  clearer. 

If  the  object,  together  with  the  gyroscope  housing,  is  now  rotated  with 
reference  to  the  system  of  axes  0  (  v  f,  the  following  will  take  place  as  a  result 
of  the  directional  stability  of  the  spin  axis  in  space: 

1)  the  housing  of  the  gyroscope  will  turn  through  a  certain  angle  <t>* 
shout  its  axis  of  rotation  with  respect  to  the  outer  frame; 

2)  the  outer  frame  will  turn  through  a  certain  angle  o'  with  respect  to 
the  inner  frame  about  the  latter's  axis  of  rotation; 

3)  the  inner  frame  will  turn  through  a  certain  angle  y'  about  the  spin 
axis  x  of  the  gyroscope. 

In  the  general  case,  these  three  angles  ,  a' ,  and  v*  will  not  be  equal 
to  the  angles  f  ,  d  ,  and  y  ,  but  will  be  known  functions  of  these  three  angles . 
As  will  be  seen  upon  examination  of  Fig.  1.7,  however,  the  gyroscope  shown  in 
this  figure  can  only  be  used  in  one  way  or  another  to  measure  the  angles  d '  and 
.  It  will  be  impossible  to  measure  the  angle  y  *  because  the  body  of  the 
gyroscope  rotor  is  in  continuous  rotation  relative  to  the  inner  frame.  In  what¬ 
ever  position  we  place  the  gyroscope  with  three  degrees  of  freedom,  it  can  only 
be  used  to  measure  two  angles--the  angle  of  rotation  of  the  housing  with  respect 
to  the  outer  frame,  and  the  angle  of  rotation  of  the  outer  frame  relative  to  the 
inner  frame.  We  cannot  measure  the  angle  of  rotation  of  the  inner  frame  about 
the  spin  axis  because  the  rotor  spins  uninterruptedly.  To  render  it  possible  to 
measure  all  three  angles  with  a  single  instrument,  the  device  would  need  a  com¬ 
ponent  whose  orientation  in  space  wbb  constant,  rather  than  an  axis  of  the  type 
which  is  found  in  the  case  of  the  gyroscope  with  three  degrees  of  freedom;  in  this 
case  we  would  have  only  two  equations  for  determination  of  the  three  angles  d  , 
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t  ,  and  y  : 


/,  —  /i<*. 


Thus  it  is  Impossible  to  determine  all  three  angles  4>  ,  4  ,  and  v  by  means  of  a 
single  gyroscope  with  three  degrees  of  freedom.  In  practice,  two  such  gyroscopes 
•r®  u*e<*  f®*  this  purpose.  It  is  desirable  to  install  these  gyroscopes  in  the 
Object  in  such  a  wy  that  they  produce  direct  measurements  of  the  angles  which  in¬ 
terest  us:  4  ,  4  ,  and  v  .  However,  this  can  be  accomplished  only  in  the  cases 
of  4  and  y  .  The  reason  far  this  is  as  follows.  The  axis  of  the  device  about 
which  the  angle  that  it  measures  directly  is  reckoned  will  be  designated  the  in¬ 
strument’s  measurement  axis.  Far  the  angle  measured  directly  by  the  device  to  be 
equal  to  the  angle  in  which  we  are  interested,  it  would  be  necessary  far  the 
measurement  axis  of  the  Instrument  to  coincide  with  the  measurement  axis  of  that 
angle.  The  measurement  axis  of  the  angle  *  is  the  f  axis  (Fig.  1.6),  whose 
i  orientation  in  space  is  fixed. 

Tbe  spin  axis  z  of  the  gyroscope  alone  retains  its  fixed  orientation  in 

I 

space  when  the  object  1s  subjected  to  arbitrary  motion.  However,  it  is  impossible 
to  make  use  of  this  as  the  measurement  axis  of  the  instrument,  since  --  as  we  have 
already  noted  --  it  is  impossible  to  measure  angles  of  rotation  about  it.  All  the 
accessible  measurement  axes  of  the  instrument  are  subject  to  one  form  of  variation 
^  or  another  in  their  orientation  in  space  when  the  object  is  moved  in  an  arbitrary 
fashion.  Thus  direct  measurement  of  the  angle  ♦  is  not  possible  in  the  general 
case. 

In  order  to  obtain  signals  proportional  to  the  angles  which  are  measured 
directly  by  the  gyroscopes,  we  must  equip  them  with  contact-type  or  contactless 


detectors  (plckoffs)  of  one  kind  or  another.  Let  us  assume  that  our  gyroscopes 
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are  provided  with  potentiometer  pickoffs, 

i  { 

'  I 

Let  us  consider  the  problem  of  positioning  the  gyroscopes  for  measurement 

of  the  angles  4  ,  4  ,  and  >  .  One  of  the  pair  of  gyroscopes  used  fn**  t;,e  measure- 

l  | 

■wnt  of  these  angles  vill  be  used  to  determine  a  and  y  ,  and  the  other  for 

I  ! 

measurement  of  .  Let  us  examine  firBt  the  gyroscope  with  which  it  is  Intended 

to  measure  4  and  7  ,  referring  to  Fig.  ^1.8.  The  housing  of  the  Instrument  is 

installed  in  the  object  in  such  a  way  that  the  axis  of  rotation  1  of  the  outer 

l 

gimbal  frame  lies  along  the  longitudinal  axis  of  the  object  (Fig.  1.8),  while  the 
transverse  axis  of  the  instrument  housing  (the  axis  of  rotation  of  the  ball  ring 
10)  coincides  with  the  object's  transverse  axis  Z.  The  coincidence  of  these  axes 

j  t 

is  not  mandatory,  however;  it  la  adopted  here  as  an  aid  to  description.  It  is 

:  i 

only  necessary  for  the  axis  of  rotation  of  the  outer  frame  and  the  transverse 

axis  of  the  housing  to  be  parallel  to  the  longitudinal  and  transverse  axes  of  the 

I 

housing,  respectively. 

The  spin  axis  *  of  the  gyroscope  must  be  directed  along  the  f  axis  of  the 
system  0  (  *fin  order  to  reproduce  the  litter  axis  in  a  concrete  Torm.  In  this 
case,  the  Z^  axis  will  coincide  with  the  geometric  axis  of  rotation  of  the  inner  ^ 
gimbal  frame  2  (Figs.  1.6  and  1.8).  With  the  instrument  housing  and  gyroscope  in 
this  position  it  develops  that  for  4  s  ]  :  7  s0,  the  X  axis  coincides  with  the 

a  axis,  the  Y  axis  with  the  z  and  f  axes,  and  the  Z  axis  with  the  i  axis,  as 

t  | 

shown  in  Fig.  1.8.  The  measurement  axes  of  the  device  are  the  X  and  Z  axes;  the 

angle  7  must  be  measured  about  the  former,  and  the  angle  4  about  the  latter. 

i  | 

Since  the  X  axis  is  the  measurement  axiB  for  the  angle  7  (Fig.  1.6),  this  angle 

will  be  subject  to  direct  measurement.  Since  the  Z  axis  does  not  generally 

coincide  with  the  measurement  axis  Z.  of  the  angle  «  ,  the  reasurements  of  this 

angle  will  be  subject  to  error.  What  is  done  to  measure  the  angle  9  directly 

,  I 

will  be  described  below. 
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Fig.  1.8.  Simplified  drawing  showing  construction  of  a  gyro¬ 
scope  designed  for  measurement  of  the  angles  9 
and  y  . 

1)  Outer  glmbal  frame;  2)  Inner  glmbal  frame;  3) 
gyroscope  rotor;  k)  gyromotor  stator;  5)  poten¬ 
tiometer  for  angle  y  ;  6)  wiper  of  potentiometer 
for  angle  a  ;  7)  center-point  tap  of  potentio¬ 
meter  for  angle  >  ;  8)  gyroscope  housing;  9)  dog; 
10)  ball  ring;  11)  potentiometer  for  angle  9  ; 
12)  wiper  of  potentiometer  for  angle  9  ;  13) 
center-point  tap  cf  potentiometer  for  angle  a  . 


Potentiometer  plckoffs  are  mounted  on  the  measurement  axes  of  the  device. 
The  wound  potentiometer  carcasses  5  and  11  are  attached  to  the  Instrument  housing 
8  at  the  X  and  Z  axes,  respectively.  The  wiper  6  of  the  potentiometer  5  is 
mounted  on  the  outer  glmbal  frame.  The  wiper  12  of  the  potentiometer  11  Is  at¬ 
tached  to  the  ball  ring  10,  which  Is  carried  In  bearings  located  in  the  instrument 
housing  on  the  measurement  axis  Z.  This  enables  the  ball  ring  to  rotate  relative 
to  the  instrument  housing  about  the  Z  axis.  The  roller  of  the  dog  9,  which  Is 
mounted  on  the  Inner  glmbal  frame  and  coincides  with  the  negative  part  of  the 


.2k 
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t  axil.  Inserts  into  the  slot  of  the  hall 
ring.  This  roller  is  free  to  travel  along 
the  ball-ring  slot.  When  t  —  i  r  0, 
i.e.  when  the  T  axis  coincides  vlth  the 
s  axis,  the  vipers  6  and  12  are  located 
opposite  the  center  taps  7  and  13  of  the 
potentiometers.  Under  these  circumstances, 
their  output  voltages  will  be  zero,  as 
will  be  seen  from  the  potentiometer  cir¬ 
cuit  diagram  presented  in  Fig.  1.9*  When 
rig.  1.9.  Potentiometer  circuit  dla-  * 

gram,  l)  Center  point  of  potentio-  the  Y  axis  does  not  coincide  with  the  z 
meter  winding;  2)  potentiometer  wind¬ 
ing;  3)  potentiometer  wiper.  axis,  the  output  voltage  each 

potentiometer  Is  proportional  to  the 

i  angle  of  rotation  of  the  wiper  about  the  centerpolnt  of  the  potentiometer.  The 
i  polarity  of  the  output  voltage  Is  determined  by  the  direction  in  which  the  wiper 

I  Is  deflected.  !  I 

I  Let  us  find  the  angles  of  rotation  of  the  wipers  with  respect  to  the 

potentiometer  centerpoints  as  they  appear  on  rotation  of  the  housing  through  the 
angles  #  ,  #  ,  and  T  .  We  shall  refer  for  this  purpose  to  Fig.  1.10,  in  which 

j  the  axes  OXYZ  occupy  arbitrary  positions  with  respect  to  the  axes  O  {  »  f  .  The 
!  centerpolnt  7  (see  Fig.  1.8)  of  the  potentiometer  5  lies  in  a  plane  which  passeB 

I 

;  through  the  X  and  Y  axes,  i.e.^in  the  plane  XOY.  The  viper  6  of  this  potentiome¬ 
ter  Is  situated  in  a  plane  passing  through  the  X  axis  and  the  gyroscope  spin  axis 
z;, l.e., in  the  plane  XOz.  Thus  the  angle  of  rotation  of  the  viper  6  relative  to 
the  centerpolnt  7  of  the  potentiometer  5  will  be  equal  to  the  dihedral  angle  be- 
tveon  these  planes.  It  is  obvious  from  Fig.  1.10  that  this  angle  la  the  angle 
•t  .  Accordingly,  the  output  voltage  of  the  potentiometer  5  will  be  directly 
proportional  to  the  angle  T  .  In  other  words,  measurements  of  the  angle  Twill  r.ct 
b«  subject  to  error. 
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The  centerpoint  13  of  the  potentiometer  11  lies  in  the  plane  of  the  Y  and  Z 
axes,  or  in  the  plane  YOZ  (Fig.  1.10).  The  wiper  12  of  this  potentiometer  occu¬ 
pies  the  plane  of  the  axes  Z  and  jz,i.e.,  the  plane  ZOz.  The  angle  of  rotation  of 
the  viper  12  with  reference  to  the  centerpoint  13  will  be  equal  to  the  dihedral 
angle  between  these  planes.  Let  this  be  denoted  by  »'  .  To  determine  this 

angle  we  refer  to  the  right  spherical 
triangle  ABC  (FIk.  1.10).  From  this  we 
have 

— sin(90»+T),.,#'. 

It  follows  that 

'lit.  (1.7) 

co»T 

Bins  the  angle  *  •  ,  which  is  mea¬ 
sured  directly  by  the  instrument,  will 

I 

not  be  equal  to  the  angle  9  .  Measure- 

1 

ments  of  the  angle  a  will  be  subject  to 
an  error  which  increases  as  y  .  The 
reason  far  this  was  explained  earlier. 

To  obtain  a  literal  measurement  of  9 

i 

I  it  would  be  necessary  to  place  the  potentiometer  not  on  the  Z  axis  of  the  housing, 

'  but  rather  on  the  axis  of  rotation  x  of  the  inner  frame,  which,  in  the  instance 

i 

under  consideration,  invariably  coincides  with  the  measurement  axis  Zj_  of  the  angle 

a  (Figs.  1.6,  1.8  and  1.10)j  the  positive  directions  of  the  x  and  Zi  axes  are 

I  ~ 

directly  opposed.  For  this  purpose  it  waild  be  necessary  to  mount  the  wound  car¬ 
cass  of  the  potentiometer  on  the  outer  glmbal  frame  and  attach  the  potentiometer 
Viper  to  the  inner  frame  of  the  gyroscope  (the  converse  arrangement  could  also  be 
used,  but  this  would  be  less  convenient  from  an  engineering  standpoint).  In  this 

case  the  angle  of  rotation  of  the  wiper  relative  to  the  potentiometer  will  be 

i 

equal  to  the  dihedral  angle  between  the  planes  YO^  (the  plane  of  the  potenticme- 
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I  Fig.  1.10.  Determination  of  angles  of 
,  rortation  of  vipers  relative  to 
I  potentiometers  of  a  gyroscope 

l  designed  for  measurement  of  angles 

*  and  v  . 


ter  centerpolnt)  and  xOZ^  (the  plane  of  the  potentiometer  wiper),  which  (angle)  Is 
eqvm.1  to  »  ,  aa  seen  from  Fig.  1.10.  As  a  rule,  however,  the  #  potentiometer  of 
an  automatic  pilot  la  placed  on  the  Z  axle  of  the  Instrument  housing,  as  shown  In 
Fig.  1.8.  The  reason  far  this  is  the  fact  that  elevator  control  must  be  a  function 
of  #'  rather  than  4  for  correct  automatic  piloting.  Furthermore,  this  location 
of  the  potentiometer  permits  reduction  of  the  number  of  current  leads  to  the  outer 
frame  of  the  gyroscope  and  relieves  Its  bearings  of  the  weight  of  the  potentlo- 
,  meter.  It  will  be  seen  from  Formula  (1.7)  that  the  angle  a '  Is  practically  equal 
to  #  at  sma 11  angles  v  ,  since  we  may  assume,  in  this  case,  that  cos  >  ~  1. 
However,  if  it  is  required  that  an  electrical  signal  proportional  to  the  angle  d 
be  developed  with  the  potentiometer  located  on  the  Instrument  housing.  It  will  be 
necessary  to  multiply  the  voltage  obtained  from  the  potentiometer  for  d  (more 

,  properly,  4  '  )  by  the  cosine  of  the  voltage  recorded  by  the  7  potentiometer. 

! 

Let  us  turn  now  to  consideration  of  the  gyroscope  whose  function  it  is  to 
J  measure  the  angle  d  (Fig.  l.ll).  The  Instrument  Is  placed  In  the  object  in  the 
!  tnnw  outlined  In  connection  with  Fig.  1.7.  The  measurement  axis  of  the  device 
la  the  T  axla  (Fig.  l.ll).  The  wound  carcass  of  the  potentiometer  is  accordingly 
mounted  on  the  Instrument  housing,  while  the  potentiometer  wiper  Is  attached  to 
the  outer  glmbal  frame.  For  determination  of  the  angle  of  rotation  d  'of  the 
viper  with  respect  to  the  potentiometer,  given  an  arbitrary  position  of  the  ob- 

j 

Ject  (of  the  axes  OXYZ)  with  respect  to  the  axes  0  (tf  ,  let  us  turn  to  Fig. 

1.12.  The  centerpolnt  6  of  the  potentiometer  7  (a®e  Fig.  1.11)  Is  situated  in  a 
plane  which  passes  through  the  X  and  I  axes, l.e.j lies  In  the  plane  XOY  (FIk.  1.12). 
The  potentiometer  viper  5  falls  In  a  plane  passing  through  the  Y  and  z  axes  (Fisr. 
l.ll),  l.e.j lies  In  the  plane  YOz  (Fig.  1.12).  The  angle  of  rotation  of  the  wiper 
5  with  respect  to  the  potentiometer  7  1®  equal  to  the  dihedral  angle  between  the 
above  planes,!. e.j  the  angle  d'  (Fig.  1.12).  Applying  the  cotangent  formula  for 


1 
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Fig.  1.11.  Simplified  drawing  showing  construction  of  gyro¬ 
scope  designed  for  measurement  of  angle  4> 

1)  Outer  gimbal  frame;  2)  inner  gimbal  frame; 

3)  gyromotor  rotor;  1*)  gyromotor  stater;  5)  poten¬ 
tiometer  wiper;  6)  center-point  tap  of  potentio¬ 
meter;  7)  potentiometer;  8)  gyroscope  housing. 


the  spherical  triangle  ABC,  we  obtain 

I 

»«,  (90’  -  *)  sin  (90*  —  i)  cos  (90’  -  ;) cos  (90 '  +  •)  + 
+  sin (90°  |  (90’-*'). 


This  gives 


co»  t  +  sin  i  tin 
eoTl 


* 


* 


(1.8) 


It  is  seen  from  this  formula  that  the  angle  f  *  will  be  equal  to  our 
sought  angle  *  only  far  y  -  *  =0.  The  error  in  the  determination  of  the 
angle  ^  ,  which  we  shall  designate  the  glmballlng  error,  will  be  equal  to 

“•  (1.9) 

This  is  the  most  general  form  of  the  formula.  If  ve  set  *  here  equal  to  zero, 
we  shall  obtain  the  formula  usually  presented  in  the  literature  for  the  glmballlng 
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error  due  solely  to  the  presence  of  an  angle  y 


A  voltage  proportional  to  the  angle  i  may  be  obtained  by  correcting  the 
output  voltage  of  the  potentiometer,  vhlch  la  proportional  to  ,  in  accordance 
vlth  the  formula 

- eoTT -  (1.10) 

—  which  is  derived  from  Equality  (1.8)-- 
ualng  the  output  voltages  of  the  poten¬ 
tiometers  far  the  angles  7  and  d  . 

It  will  be  seen  from  formula  (1.8) 
that  If  the  angles  0  and  7  are  sucn 
that  the  product  of  their  sines  may  be 
neglected  and  their  cosines  assumed 
equal  to  unity,  the  angle  will  be 
equal  far  practical  purposes  to  the 
angle  ^  . 

Thus  we  have  seen  how  two  gyro¬ 
scopes  with  three  degrees  of  freedom  may 
i  he  used  to  determine  the  angles  4>  ,  d  ,  and  7  ,  which  characterize  the 
position  of  an  object  (aircraft,  rochet,  etc.)  with  reference  to  a  system  0  fvf 
(see  Fig.  1.5)  having  a  fixed  orientation  In  Inertial  space. 

low  let  us  consider  means  of  determining  the  position  of  an  object,  e.g., 
an  aircraft,  with  respect  to  the  earth  by  the  use  of  gyroscopes  with  three  de- 
|  grees  of  freedom.  We  shall,  relate  the  axeB  Axpynzn  (see  Fig.  1.5)  to  the  earth, 
far  example,  by  placing  their  origin  A  at  the  point  of  take-off.  Let  the  zQ  axis 
1  he  directed  vertically  upward,  then  the  xq  and  vlll  lie  In  the  horizontal 

plane.  We  shall  assign  "geographical"  orientations  to  these  axes:  the  xQ  axis 
|  will  he  directed  to  the  east,  and  the  Jq  axis  to  the  north.  The  origin  of  the 
axes  0(V  f  (Fig.  1.5)  will  he  connected  to  some  point  of  the  moving  object 


Fig.  1.12.  Determination  of  angle  of 
rotation  of  wiper  with  reference 
to  gyroscope  potentiometer  designed 
to  measure  the  angle  d 
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(aircraft,  etc.) — e.g.,  to  Its  center  of  gravity  0 — and  ve  shall  assign  orientations 
to  these  axes  similar  to  those  given  the  axes  Ax^qZq.  Here  the  £  axl6  will  be 
directed  vertically  upward;  the  £  and  fj  axes  will  be  horizontal,  with  the 
axis  pointed  eastward  and  the  axis  toward  the  north  (Fig.  1.13) •  As  previously, 
we  6hall  only  concern  ourselves  with  determination  of  the  position  of  the  object. 


or,  in  other  words,  the  axes  OXYZ  connected  to  it  (Fig.  1.5),  with  reference  to  the 
axes  0  £  Tj  £  .  As  before,  this  position  will  be  characterized  by  three  angles:  y-  , 
and  /y  (Fig.  1.6).  In  this  case  these  angles  bear  the  following  designations: 

] is  the  course  angle  (or,  more  properly,  the  course  with  Its  sign  changed),  4 9"  is 
the  pitch  angle,  and  y  is  the  roll  angle.  However,  the  orientation  of  the  axes 


Fig.  1.13.  Orientation  of  axes 
0  ^  7]  X  determining  position  of 
object  (e.g.,  an  airplane)  wl*-h  re¬ 
spect  to  the  earth.  R)  Radius  of 
earth;  \  ,  <f>  )  geographical  coordin¬ 
ates  (longitude  and  latitude)  of  point 
directly  beneath  object;  h)  alti¬ 
tude;  Vg,  Vjj)  '''•at- and  north-directed 
components  of  ground  speed  of  object; 

Cde)  angular  velocity  of  earth's  di¬ 
urnal  rotation;  <P ,  \  )  angular  rates 
of  change  In  latitude  and  longitude 
due  to  motion  of  object  with  veloc¬ 
ities  v„  and  v_ • 


0  ^  TJ  £  in  inertial  space,  although  fixed 
In  our  previous  discussion,  will  now  vary 
continually,  even  In  cases  where  the  ob¬ 
ject  is  stationary  with  respect  to  the 
earth.  Ihe  instantaneous  angular  velocity 
of  the  axes  0  {■  7]  £  in  inertial  space  is 
the  sum  of  the  following  three  velocities 
(Fig.  1.13): 

1.  the  angular  velocity  of  the 
earth's  diurnal  rotation,  since  the  system 
0  £  Tj  £  rotates  with  the  earth; 

2.  <j P  ,  the  rate  of  change  in 
latitude  due  to  motion  of  the  object 
with  reference  to  the  earth  along  a 
meridian  arc  at  a  velocity  v^. 

Since  angular  velocity  is  equal  to  cir¬ 
cumferential  velocity  divided  by  the 
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radius,  we  Kay  write  (neglecting  h  as  snail  by  comparison  with  H) 

'flie  velocity  is  considered  positive  when  directed  toward  the  north.  Thus  when 
v  is  positive,  the  velocity  is  in  the  negative  direction  of  the  £  axis. 

3.  X  ,  the  rate  of  change  in  longitude  due  to  motion  of  tne  object  with 
respect  to  the  earth  along  a  parallel  with  a  velocity  v^,,  which  is  considered 
ppsitive  when  directed  eastward.  Dividing  the  circumferential  velocity  v£  by  the 
radius  of  the  parallel,  which  is  equal  to  R  cos  ,  we  obtain 


i 


J?co»t  ‘ 


(1.12) 


Hie  vector  of  the  velocity  \  is  directed  along  the  axis  of  diurnal  rotation  of 
the  earth.  Just  as  is  the  vector  of  the  velocity 

For  the  sake  of  convenience,  we  shall  transfer  the  composite  vector  +  X 
to  the  origin  0  of  the  system  of  axes  0  £  7]  £  .  let  u^  ,  u^,  811(1  denote  the 
projections  of  the  instantaneous  angular  velocity  of  the  system  0  £  7|  £  onto  the 
£,  7j ,  and  £  axes.  It  is  seen  from  Figure  1.13  and  Formulas  (l.ll)  and  (1.12) 
that 


«,  =  (•  ,+  *)cos  f  =  *,  cos  f  + 

V| 

ut  =  (*f+X)$inM-  +—  <-<f. 


(1.13) 


In  the  case  under  examination,  as  in  the  case  where  the  orientation  of  the 
system  0  w  in  space  remained  invariant,  two  gyroscopes  with  three  degrees  of 


Jl 
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freedom,  disposed  In  the  object  a*  shown  In  Figs.  1.8  and  1.11,  are  used  to 
measure  the  angles  +  ,  t  ,  and  v  .  In  addition,  everything  said  in  con¬ 

nection  vlth  the  relationships  between  the  angles  measured  directly  by  the  gyro¬ 
scopes  and  the  angles  0  ,  4  ,  and  7  remains  fully  valid.  Here,  however. 

In  order  to  create  combined  or  Individual  concrete  reproductions  of  the  axes 
0  {  f  f  in  the  object,  it  will  be  necessary  to  correct  (to  vary)  constantly  the 
directions  of  the  spin  axes  of  both  gyroscopes  in  inertial  space,  i.e.^to  set  the 
spin  axes  rotating  In  inertial  space  In  such  a  way  that  they  maintain  the  re¬ 
quired  positions  with  reference  to  the  earth.  The  spin  axis  z  of  the  gyroscope 
to  be  used  far  measurement  af  the  angle  *  must  be  horizontal  and  directed  toward 
the  north,  i.e., must  coincide  with  the  v  axis  (Fig.  1.13) j  the  spin  axis  z  of 
the  gyroscope  whose  function  Is  measurement  of  the  angles  0  and  v  should  retain 
Its  vertical  position,  that  is,  coincide  with  the  {  axis  (Fig.  1.13). 

It  fallows  fTam  the  law  of  precession  that  a  corresponding  external  moment 
must  be  applied  to  the  gyroscope  in  order  to  shift  the  spin  axis  In  inertial 
space  at  the  desired  velocity.  The  devices  used  to  generate  this  moment  are 
!  extremely  varied  In  nature,  but  the  casmonest  one  at  the  present  time  Is  the 

I 

i  torque  generator  (we  shall  refer  to  It  as  the  tarquers)  which  Is  Installed  on  the 
axes  of  the  outer  and  Inner  gimbal  frames.  Tarquers  vary  in  design  and  working 
principle.  Flat,  asynchronous  two-phase  multipole  reversible  motors  with  short- 
circuited  rotors  of  the  squirrel-cage  type,  operating  In  the  short-circuited 
condition,  are  frequently  used  as  tarquers.  A  torquer  of  this  kind  Is  often 
|  termed  a  motor-corrector  or  a  correction  motor. 

A  torquer  fitted  to  the  axis  of  the  outer  frame  and  applying  to  the  gyro- 
|  scope  a  moment  which  acts  about  thiB  axis  will  be  referred  to  as  an  outer-frame 
torquer  1  similarly,  a  torquer  applying  a  moment  to  the  gyroscope  about  the  axis 
of  rotation  of  the  inner  frame  and  mounted  on  this  axis  will  be  called  an  Inner  - 

J 

32 


T-T3-9910/y 


frame  torquer. 


Instead  of  mounting  the  Inner-frame  torquer  on  the  Inner  gimbal  frame,  ve 
may  locate  It  on  t'le  Z  axle  of  the  Instrument  housing  with  the  stator  on  the  left- 
hand  wall  of  the  housing  and  the  rotor  on  the  shaft  of  the  ball  ring  10  (see  Fig. 
1.8; the  torquer  does  not  appear  here).  In  this  case  the  torquer  moment  would  be 
transmitted  to  the  gyroscope  through  the  ball  ring  10  and  the  dog  9.  This  posi¬ 
tion  Is  to  be  preferred  In  certain  cases;  In  others,  however.  It  Is  generally  un¬ 
suitable.  Moreover,  It  considerably  complicates  the  laws  governing  the  moment 
generated  by  the  torquer  and  makes  It  a  function  of  the  angle  ♦  ,  even  with 
4  -  -  0,  which  Is  a  highly  undesirable  situation.  Accordingly,  we  shall 

assume  that  the  Inner-frame  torquer  la  mounted  on  Its  axis  of  rotation,  with  the 


stator  on  the  outer  frame  and  the  rotor  on  the  Inner  frame 


Fig.  1.14.  Simplified  drawing  showing  de¬ 
sign  of  gyroscope  equipped  with  two 
torquers  for  measurement  of  the  angle  4  . 

1)  Outer  gimbal  frame;  2)  Inner  gim¬ 
bal  frame;  3)  gyroscope  rotor;  4) 
gyrcmotar  stator;  5)  potentiometer 
wiper;  6)  center-point  tap  of  poten¬ 
tiometer;  7)  potentiometer;  8)  gyro¬ 
scope  housing;  9)  stator  of  Inner- 
frame  torquer;  10)  rotor  of  Inner- 
frame  torquer;  11)  stator  of  outer- 
frame  torquer;  12)  rotor  of  outer- 
frame  torquer. 

F-TS-9910/V 


As  previously  noted,  the  outer- 
frame  torquer  Is  mounted  on  the  axis  of 
rotation  of  this  frame,  with  Its  stator 
on  the  Instrument  housing  and  Its  rotor 
on  the  outer  frame. 

Figure  1.14  presents  a  schematic 
drawing  showing  the  construction  of  a 
gyroscope  equipped  with  two  torquers 
and  designed  for  measurement  of  the 
angle  4  .  The  position  of  the  hous¬ 

ing  with  reference  to  the  axes  0{  t»f 
in  FI3.  1.14  corresponds  to  the  case  In 
which  4  -  4  m  y  •  0. 

The  spin  axis  z  of  the  gyroscope 
must  be  horizontal  and  directed  toward 
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the  north,  i.e.j  must  coincide  vith  the  i  axis (Fig.  1.13)  *t  *11  times.  To 
do  so  it  must  rotate  in  lnei  llal  apace  about  the  t  and  f  axes  vith  the  veloci¬ 
ties  u  and  u ^ given  by  Equalities  (1.13).  Let  us  establish  the  momenta  which 
the  torquers  must  develop  in  order  to  effect  the  required  rotation  of  the  spin 
axis  in  Inertial  space.  The  argument  vill  refer  throughout  to  Fig.  1.15,  in 
which  the  axes  OXYZ  occupy  an  arbitrary  position,  characterized  by  the  angles  f 
4  ,  and  y  ,  vith  respect  to  the  axes  0  4  n  {  .  The  gyroscope  spin  axis  z  is 
drawn  coincident  vith  the  *  axis,  i.e.,in  the  required  position.  The  ayaten  0 
(  e  [  is  oriented  ns  shown  in  Fig.  1.13.  Let  us  determine  first  the  position  of 
the  axis  of  rotation  of  the  inner  gimbal  frame.  It  ia  clear  from  Figs.  l.lU  and 
1.15  that  this  axis  must  coincide  with  the  line  of  intersection  of  two  planes 
which  pass  through  the  point  0:  the  plane  XOZ,  vhlch  ia  perpendicular  to  the 

axis  of  rotation  Y  of  the  outer  frame  and  the  plane  (Of  ,  which  ia  perpen¬ 
dicular  to  the  spin  axis  z.  Extending  these  planes,  we  find  their  line  of 
i  1 


Fig.  1.15.  Determination  of  moments  M  and  for  gyroscope 
designed  to  measure  angle  -  .— 
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Intersection,  vtaich  in  the  negative  part  of  the  axis  of  rotation  x  of  the  inner 
frame.  Extending  this  axis  through  the  point  0,  we  obtain  the  positive  axis  of 
rotation  x  of  the  inner  frame. 

The  position  of  the  x  axis  is  determined  by  the  two  angles  +*  and  y  * . 

Hi*  angle  +'  is  given  by  Formula  (1.8).  Let  us  determine  the  angle  y  '  fran  the 
spherical  triangle  DEF.  Applying  the  law  of  sines,  we  have 

+!')_»•"  (90°  *  ♦' ). 

tin  (0^+  t)  ‘  4Jn(W)°  +) 


It  fellows  from  this  that 


cos  i* 


COS  7 


co»;' 
cot  y 


<1.X4) 


low  let  us  determine  the  angle  between  the  frames  of  the  global  suspension,  which 
we  shall  designate  *  .  Applying  the  law  of  sines  to  the  spherical  triangle 

ABC,  we  may  write 


This  gives 


_»lsl  ^»in  (on  —  i) 
*ln(9U°+»)  **»in(90'  — ♦')’ 


Sin  6«*  COS  0 

CO*  y 


(1.15) 


The  moment  generated  by  the  Inner- frame  torquer  and  the  moment  My 
generated  by  the  outer-frame  torquer  are  represented  in  Fig.  1.15  in  the  positive 
sense  of  their  vectors.  The  moment  gives  rise  to  precession  of  the  gyroscope 
about  the  axis  of  rotation  Y  of  the  outer  frame  at  a  velocity  which,  in  accordance 
with  Formula  (l.V)  is  equal  to 


e, 


Alx 

//.Ins 


(1.16) 
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Correspondingly ,  the  moment  causes  precession  at  a  Telocity 

a  . .  _  *<> 

*  '/»•»*  (1.17) 

about  the  axis  of  rotation  x  of  the  inner  frame.  The  minus  sign  in  Equality 
(1.17)  signifies  that  positive  moments  produce  precessional  velocities  directed 
along  the  negative  part  of  the  x  axis. 

Let  us  project  the  velocities  Q  x  and  q  ^  onto  the  f  ,  t  ,  and  t 
axes.  Fig.  1.15  gives 


«_•„=  -S2,cos 
C.,-0. 

sin  1'. 


Substituting  Equality  (I.17)  in  the  above,  ve  obtain 


-':=/yM|'noCOSv'- 
-*i  “  0. 

C.: - -  sin  V- 

H  *  ml 


(1.18) 


Using  the  direction  cosines  given  in  Table  (1.6),  we  may  determine  the  projec¬ 
tions  of  the  velocity  a  y  on  the  f  ,  *  ,  and  f  axes: 

— a, -cos  sin-. 

8,1  — S,  sin  V  sin;. 

U,  ;=  Ci-cos  t*  cos  p 
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Substituting  Equality  (l.l6)  In  the  above,  ve  obtain 


“n1 


M. 

Htin  I 


cos  '■*  sin 


2|;=  M*  COS**  cos-;. 

//  bln  H 


(1.19) 


Cius  the  velocities  of  rotation  of  the  gyroscope  spin  axis  about  the  1  and  f 
axes  under  the  Influence  of  the  moments  and  My  are 


»t  —  2«t  +  an»=  ’  .  (i*l>  COS;' ~  A^COS**!";), 

n  sin  9 

C;  — :2Jt  f2n=  *  (  —  Af,.sln  +  M,  cos  ftcos ;). 


(1.20) 


These  velocities  should  be  equal,  respectively,  to  the  velocltlea  u  {  and  u  f  . 
Replacing  Q {  and  0  ^  In  Equations  (l.20)  by  u  {  and  u  f  ,  respectively,  and 
solving  far  Mg  and  My,  ve  obtain 


A1t-H 


(u,  sin  t*  -f-  uc  cos  )  sin  I 


cqs |  tin  7  sla  7' ■+ ecs  it  co.  7  cos  7'  ’ 

(«;  CO'  •  cos  7  —  u.  cos  ‘y  cos  7)  sin  0 

Afy  mtH  - - 

cos  ^  sin  7  tin  7  t  cos  R  cos  7  cos  7' 


(1.21) 


The  velocities  u  ,  u 


u  and  the  angles  y  *  ,  t  are  determined  from  Equalities 


(1.13)1  (l*l^)  and  (1.15).  It  vlll  be  seen  from  Formula  (1.21)  that  the  moments 
Mg  and  My  are  rather  complex  functions  of  the  velocities  u  ^  and  u  and  the  three 

angles  +'  ,  *  ,  and  t  measured  by  the  tvo  gyroscopes  vith  three  degrees  of 
fraadcK. 

Thus  ve  see  that  It  vlll  be  necessary  far  the  torquers  to  apply  the  mcments 
and  »{y  —  as  determined  by  Formulas  (1.21)  —  to  the  gyroscope  If  Its  spin 
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axis  la  to  remain  at  all  tinea  horizontal  and  directed  northward.  Let  ua  aaaume 
that  the  moment  generated  by  the  tarquer  la  proportional  to  the  control  current 
supplied  to  It.  Tar  this  It  la  neeeasary  that  the  control  current#  of  the 
torquers  be  governed  by  the  same  lava  (1.21)  as  the  moments  and  My.  Computing 

ampllflera  may  be  used  to  obtain  auch  currents.  Voltages  propartiorml  to  u  , 

0  ^ 

«  *  an“  ♦  »  *  »  T  must  be  delivered  to  the  amplifier  Input.  It  should 

produce  currents  at  Its  output  corresponding  to  the  laws  governing  the  moments 

(1.21). 

The  lava  governing  the  moments  which  mist  be  generated  by  the  torquers  of 
the  gyroscope  used  to  measure  the  angles  4  and  y  may  be  determined  in  a  similar 
fashion. 

Throughout  the  discussion  ve  have  assisted  tlmt  the  gyroscope  Is  not  sub¬ 
ject  to  drift,  end  consequently  that  the  spin  axis  rigidly  urn  in  tains  the  direc¬ 
tion  in  Inertial  space  originally  imparted  to  It,  or  rotates  In  exact  conformity 
to  the  control  signals  supplied  to  the  torquers.  However,  every  gyroscope  of 
the  type  under  consideration  la  in  practice  subject  to  drift  arising  from  friction 
In  Its  bearings,  noncoincidence  of  the  center  of  gravity  of  the  gyroscope  with 
its  fixed  point,  and  a  number  of  other  factors.  The  drift  velocity  (  or  drift 
rate)  is  not  constant,  and  Includes  considerable  accidental  components.  As  noted 
previously,  the  systematic  component  of  the  drift  velocity  may  be  compensated  by 
the  application  of  moments  generated  expressly  for  this  purpose  by  the  torquers. 
Compensation  far  the  accidental  dr lft -velocity  components  Is  impossible.  The 
problem  of  attaining  maximal  drift  suppression  by  all  practical  means  is  there¬ 
fore  highly  Important  in  the  design  and  manufacture  of  the  gyroscopic  Instru¬ 
ments  under  discussion.  Considerable  progress  has  been  achieved  In  this  regard 
The  moot  general  formulas  are  those  given  In  (1.21).  In  a  number  of 
cases  It  Is  possible  to  resort  to  simplification,  which  consists  In  neglecting 
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Individual  values  which  appear  In  them,  or  disregarding  thea  for  reasons  of  p.  ln- 
clple.  It  should  be  noted  that  the  aoaent  applied  to  the  gyroscope  to  establish 
the  desired  motion  of  the  spin  axis  In  Inertial  space  (its  position  vlth  respect 
to  the  earth)  may  be  generated  by  a  variety  of  technical  means,  and  not  necessar¬ 
ily  by  the  use  of  torquers  of  the  type  described  here. 

In  the  majority  of  devices  constructed  and  used  in  practice  for  measurement 
of  the  angles  *  ,  ,  and  v ,  the  gyroscope  spin  axis  is  maintained  horizontal 

(or  vertical)  not  by  applying  to  the  gyroscope  roments  which  are  definite  functions 
of  the  velocities  u  ,  u  ^  ,  and  u  ^  and  the  angles  *  1 ,  ,  and  t  by  means 

of  torquers,  but  by  another  method.  A  device  whose  gyroscope  Bpln  axla  la  to 
retain  a  vertical  direction  is  provided  with  a  mechanism  sensitive  to  the  position 
of  the  spin  axis  with  respect  to  the  vector  of  gravity,  i.e.,  with  respect  to  the 
vertical.  If  the  spin  axis  deviates  from  the  required  position  with  re3pect  to 
the  gravitational  vector,  thia  mechanism  actuates  torquers  (which,  In  this  case, 
would  be  termed  correction  motors ).  The  latter  apply  moments  to  the  gyroscope 
which  make  It  preceas  back  to  the  required  position.  As  soon  as  the  spin  axis  has 
returned  to  the  required  position,  the  sensing  elements  switch  off  the  torquers, 
with  the  result  that  the  moments  developed  by  them  revert  to  zero.  In  this  case 
the  moments  are  functions  of  the  angles,  through  which  the  spin  axis  deviates  from 
the  required  position.  In  instruments  of  this  type,  vbose  function  is  measurement 
of  the  angle  t  ,  the  position  of  the  spin  axis  with  respect  to  north  may  he  left 
totally  uncorrected,  but  Is  most  frequently  corrected  In  a  similar  manner  by  a 
magnetic  or  Induction  compass .  In  this  case  the  Instrument  is  equipped  with  a 
device  which  senses  the  deflection  of  the  spin  axis  from  the  north  and  actuates 
the  torquer  on  the  inner  glmbal  frame.  The  outer-frame  torquer  is  switched  on  by 
a  mechanism  vhlch  senses  the  position  of  the  spin  axis  with  reference  to  the  hori¬ 
zontal  plane  or,  which  amounts  to  the  same  thing,  with  reference  to  the  gravity 
vector  (the  vertical).  In  this  case,  however,  as  seen  from  Tig.  1.15,  the  moment 
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My  will  not  only  restore  the  spin  axis  to  the  horizontal,  but  also  simultaneous  iy 
produce  a  change  In  its  azimuthal  position:  the  moment  !y  whose  purpose  Is  to 
correct  the  spin-axis  azimuth,  will  simultaneously  cause  deflection  of  this  axis 
from  the  plane  of  the  horizon. 

Due  to  the  small  magnitude  of  the  precessional  velocity,  the  oscillations  of 
the  pendulum  which  reproduces  the  gravitational  vector  and  those  of  the  compass 
card  (magnetic  needle)  which  reproduces  the  northerly  direction  will  hnrdly  exert 
any  Influence  on  the  gyroscope. 

This  method  of  maintaining  the  spin  axis  in  the  required  position  Is  the  one 
most  widely  used  at  the  present  time.  It  ensures  a  comparatively  high  degree  of 
precision. 

An  ever  greater  demand  for  precision  In  maintaining  the  system  0  t  1  f  in  the 
required  position — a  particularly  important  function  In  self-contained  navigation 
systems— has  led  to  a  situation  in  which  the  precision  attainable  by  the  methods 
considered  above,  using  ordinary  gyroscopes.  Is  clearly  Inadequate.  A  way  out  of 
this  situation  has  been  found  In  the  use  of  floating  gyroscopes.  Before  turning 
to  study  of  these  devices,  however,  let  us  consider  veiy  briefly  the  means  by  which 
it  is  possible  to  create  a  system  capable  of  measuring  directly  not  only  the  angles 
#  and  f  ,  but  the  angle  9  as  well. 


Section  4.  The  Stabilized  Platform 

To  be  able  to  make  direct  measurements  not  only  of  the  angles  9  and  7  ,  but 
also  of  9 ,  we  must  have  an  object  which  is  stabilized  with  respect  to  the  three 
axes  0  {  *  t  ,  and  thus  constitutes  a  concrete  reproduction  of  these  axes  It  Is 
customary  to  reler  to  such  an  object  as  a  stabilized  platform.  Stabilization  Is 
accomplished  by  means  of  gyroscopes  and  the  motors  which  they  control.  It  may  be 
effected  by  a  variety  of  mechanisms  differing  in  operating  principle.  In  the 
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following  we  shall  consider  the  manner  In  which  the  platform  Is  stabilized  with 
respect  to  the  axes  0  by  means  of  three  ordinary  Integrating  gyroscopes,  or — a 

superior  arrangement  from  the  viewpoint  of  precision — by  three  floating  gyroscopes 
equipped  with  servodrlves.  We  shall  not  concern  ourselves  with  other  stabiliza¬ 
tion  methods.  It  Is  pointed  out  that  the  precision  stabilization  required  in  the 
most  critical  self-contained  navigation  systems,  and  in  Inertial  navigation  systems 
in  particular,  can  apparently  be  attained  only  by  the  use  of  floating  integrating 
gyroscopes  and  properly  selected  servosystems. 

From  the  standpoint  of  mechanics,  the  stabilized  platform  should  represent  a 
solid  body  with  one  fixed  point  with  respect  to  the  instrument  housing,  i.e.,  it 
should  possess  three  degrees  of  freedom  with  reference  to  the  latter.  With  this 
in  view,  the  platform  is  installed  in  the  instrument  housing  in  the  manner  shown 
schematically  in  Fig.  I.l6. 

The  stabilized  platform  1  is  mounted  on  the  shaft  9,  which  Is  carried  in 
bearings  located  in  the  inner  gimbal  frame  7.  To  avoid  cluttering  the  drawing, 
the  shaft  9  is  shown  in  Fig.  I.l6  with  only  one  end  supported,  and  the  frames  of 
the  gimbal  suspension  is  shown  as  open  brackets.  In  actuality,  both  frames  are 
closed  to  obtain  the  necessary  rigidity,  and  the  shaft  is  supported  at  L">th  ends. 
Thus  the  platform  and  each  of  the  frames  are  carried  in  two  bearings. 

This  permits  the  platform  1  to  rotate  with  respect  to  the  inner  frame  7  about 
the  axis  £ ,  which  is  the  geometric  axis  of  the  shaft  9>  The  inner  frame  ^  is 
mounted  within  the  outer  frame  5  of  the  gimbal  suspension  in  such  a  way  as  to  per¬ 
mit  it  to  rotate  with  respect  to  the  latter  about  the  x  axis  (or,  which  amounts 
to  the  same  thing,  about  the  axis,  whose  positive  direction  is  opposed  to  that 
of  the  x  axis),  which  is  perpendicular  to  the  £  axis.  Finally,  the  outer  frame  5 
is  installed  in  the  instrument  housing  2  in  a  manner  which  permits  it  to  rotate 
with  respect  to  the  latter  about  the  X  axis,  which  is  perpendicular  to  the  x  axis. 

Hie  axes  0  £  7 7  £  are  attached  to  the  platform  and  bear  a  fixed  relation  to  it. 
The  axes  OXYZ  bear  a  fixed  relation  to  the  object,  and  thereby  to  the  instrument 
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M-g.  1.16.  Stabilized  Platform.  1}  Platform;  2)  instrument 
housing;  3)  flange  with  bearing  for  outer  gimbal  frame;  k) 
circle  showing  angle  oj  rotation  of  instrument  housing  with 
respect  to  outer  frame  (read-off  scale  for  angles  ^);  5) 
outer  gimbal  frame;  6)  circle  showing  angle  of  rotation  of 
outer  frame  with  respect  to  inner  frame  (read-off  scale  for 
angles  /&■)■,  7)  inner  gimbal  frame;  8)  circle  showing  angle 
of  rotation  of  inner  frame  with  respect  to  platform  (read- 
off  scale  for  angles  ^  ),  9)  axis  of  platform. 


housing  2.  All  of  the  above  axes  have  their  origins  at  the  point  0. 

Ihe  instrument  is  installed  in  the  object  in  such  a  way  that  the  axis  of  rota¬ 
tion  of  the  outer  frame  5  is  directed  along  the  longitudinal  X  axis  of  the  object, 
and  at  =  y  ^  q  (6ee  Fig.  1.6)  the  £  and  axes  coincide  with  its  /sic/ 

transverse  Z  axis,  the  *,  axis  with  its  X  axis,  and  the  /  axis  with  its  normal  7 
axis. 


let  us  assume  that  the  platform  1,  and  therefore  the  exes  0  5  r)  attached  to 
it,  are  in  one  way  or  another  either  stabilized  in  inertial  space  or  made  to  rotate 
with  respect  to  it  in  a  specified  manner,  e.g.,  in  the  same  manner  as  the  axes  shown 
in  Fig.  1.13.  If  the  object,  together  with  the  instrument  housing,  now  rotates  in 
acne  arbitrary  manner  with  respect  to  the  axes  0  g  q  £  ,  which  are  reproduced  by  the 
platform  1,  the  result  in  the  general  case  will  be  as  follows  (see  Figs.  1.16  and 
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1.  The  inner  frame  7  vill  rotate  through  an  angle  4  vith  respect  to  the 
platform  1  about  the  t  axia.  The  rotation  will  amount  to  exactly  thla  angle  by 
Tlrtue  of  the  fact  that  the  f  axis  is  the  measurement  axis  for  the  angle  4  •  The 
angle  reading  may  be  taken  vith  the  aid  of  the  indicator  8,  which  consists  of  a 
acale  attached  to  the  frame  7  and  an  arrow  attached  to  the  shaft  9. 

2.  The  outer  frame  5  will  rotate  about  the  Zx  axis,  which  is  always  located 
in  the  plane  I  Os,  passing  through  an  an-'le  *  with  respect  to  the  inner  frame  7, 
since  the  Z^  axis  is  the  measurement  axis  for  the  angle  4  .  The  scale  6  provides 
readings  of  the  angle  4 • 

instrument  housing  2  rotates  about  the  X  axis  through  an  angle  7 
relative  to  the  outer  frame  5,  since  the  X  axis  is  the  axis  of  measurement  of  the 
angle  7  .  The  reading  for  this  angle  is  taken  from  the  acele  4. 

In  the  actual  instruments,  pickoffs,  which  emit  electrical  signals  proportional 
to  the  angles  4  ,  *  ,  and  T  are  used  instead  of  the  angle-reading  devices . 

Thus  the  construction  described  above  permits  measurement  of  the  angles  4  , 

4  ,  and  v  directly,  i.e.,it  is  unaffected  by  any  gimballin&  error. 

Let  us  consider  the  similarities  and  differences  between  the  present  device 
(see  Fig.  1.16)  and  the  gyroscope  vith  three  degrees  of  freedom  represented  In 
Fig.  1.8.  It  has  been  shown  above  that  the  gyroscope  in  Fig.  1.8  enables  us  to 
obtain  direct  measurements  of  the  angle  r,  and  also  the  angle  *  ,  provided  the  if- 
potentlometer  is  installed  on  the  Zjl  axis  in  the  same  manner  as  the  visual  indicator 
of  the  device  shown  in  Fig.  1.16.  Measurement  of  the  angle  4  vith  the  gyroscope 
in  Fig.  1.8  was  impossible  due  to  the  fact  that  the  gyroscope  rotor  is  in  continu¬ 
ous  motion  about  the  spin  axis,  so  that  Its  position  in  apace  is  subject  to  continu¬ 
ous  variation;  only  the  spin  axis  z  retains  a  fixed  direction.  Hence,  If  it  were 
possible  for  a  gyroscope  to  retain  all  of  its  properties  vith  the  rotor  stationary, 
it  could  be  used  to  measure  the  angle  4  »■  well,  and  could  do  this  directly. 
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However,  no  gyroscope 


retains  all  of  Its  characteristics  when  the  proper  rotation 


of  Its  rotor  ceases. 

The  device  shown  in  Fig.  1.16  embodies  the  concept  of  a  gyroscope  with  three 
degrees  of  freedom  and  a  nonrotating  rotor.  The  jimbal-suspended  stabilized 
platform  1  simulates  the  gyroscope  with  three  degrees  of  freedom  and  nonrotating 
rotor.  The  platform  itself  represents  the  rotor,  the  shaft  9  its  axis,  and  the 
axis  the  spin  axis.  The  platform  is  capable  of  rigid  retention  of  a  position  in 
inertial  space  imparted  to  it,  or  of  varying  it  in  a  specified  manner  in  response 
to  appropriate  correcting  signals.  The  measurement  axes  f  ,  Z^,  and  X  of  the 
platform  coincide  with  the  measurement  axes  of  the  angles  </• ,  i,  and  T  (see 
Fig.  1.6).  Thus  the  platform,  which  is  stabilized  with  respect  to  the  three  axes 
0  t  i  f,  renders  possible  direct  measurement  of  all  three  angles  i  ,  9  ,  and  V  . 

In  inertial-navigation  systems,  two  accelerometers,  which  measure  the  acceleration 
of  the  object  in  inertial  space  in  the  directions  of  the  E  ,  and  *  axes  are 
mounted  on  the  platform  1.  Sometimes  a  third  accelerometer  is  included  to  detect 
acceleration  along  the  f  axis.  The  output  signals  of  the  accelerometers  are 
subjected  to  double  integration  with  respect  to  time.  The  first  integration  yields 
the  projections  of  the  linear  velocity  of  the  object  onto  the  E  and  *  axes;  the 
second  gives  the  component  distances  traveled  along  these  axes. 

As  already  noted,  either  ordinary  or  floating  gyroscopes  may  be  used  to 
stabilize  the  platform.  However,  the  platform  drift  obtained  in  the  use  of  ordin¬ 
ary  gyroscopes  is  inadmissibly  large  for  the  purposes  of  inertial-navigation 
systems.  In  this  case  the  basic  factors  producing  drift  are  the  considerable  mag¬ 
nitude  and  variability  of  the  frictional  moments  which  arise  in  the  gimbal-sus- 
pension  bearings  of  the  gyroscopes,  and  imperfect  balancing.  These  factors  are 
virtually  eliminated  in  the  floating  gyroscope  — a  fact  which  ensures  stabilization 
with  a  high  degree  of  precision. 
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8cctlon  5.  The  Differentiating  gyroscope 


The  differentiating  gyroscope  is  a  gyroscope  vith  two  degrees  of  freedom 
(eee  Fig.  1.1)  equipped  with  some  device  (mechanical  or  electrical)  which,  upon 
deflection  of  the  gyroscope  frame  from  a  given  position  (referred  to  as  its  initial 
position),  applies  to  it  a  moment  proportional  to  the  angle  through  which  the  frame 
ia  deflected  and  tending  to  return  it  to  its  initial  position.  Such  gyroscopes 
are  generally  further  provided  with  dampers  the  function  of  which  is  to  suppress 
oscillations  of  the  frame  about  its  axis  of  rotation.  The  damper  generates  and 
applies  to  the  frame  a  moment  proportional  to  the  angular  velocity  of  the  frame 
about  its  axis  of  rotation. 

The  differentiating  gyroscope  serves  to  measure  the  angular  velocity  of  rota¬ 
tion  of  ita  housing  about  an  axis  perpendicular  tc  the  axis  of  rotation  of  the 
gyroscope  frame  and  to  the  initial  position  of  the  spin  axis  (the  position  occupied 
by  the  spin  axis  when  the  measured  angular  velocity  is  zero).  The  construction  of 
a  differentiating  gyroscope  is  shown  schematically  in  Fig.  1.17.  The  rotor  3  ia 
carried  in  the  frane4  and  rotates  with  respect  to  the  latter  about  the  z  axis  with 
a  constant  angular  velocity  Q  .  The  frame  4  is  mounted  in  turn  in  the  instrument 
housing  5  in  a  manner  which  permits  it  to  rotate  with  reject  to  the  latter  about 
the  x  axis.  The  two  springs  7  are  fastened  to  the  frame  4  at  a  certain  distance 
from  its  axis  of  rotation.  The  other  ends  of  these  springs  are  attached  to  the 
instrument  housing.  They  serve  to  subject  the  frame  to  a  moment  proportional  to 
the  angle  of  its  deflection  in  any  direction  from  its  original  position  and 
directed  in  such  a  way  as  to  return  It.  Since  the  springs  are  elastic  components, 
we  shall  deBifjnate  the  moment  which  they  generate  by  Mel. 

The  dashyot  2  serves  to  suppress  oscillations  of  the  frame  with  respect  to 

✓ 

the  housing.  The  remaining  components  of  the  design  will  be  considered  somewhat 
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yig.  1.17.  Simplified  representation  of  construction  of  differentiating 
gyroscope.  1)  Potentiometer  viper;  2)  dashpot;  3)  gyroscope 
rotor;  4)  gyroscope  frame;  5)  gyroscope  houaing;  6)  torquer; 

7)  aprings;  8)  gyromotor  stator;  9)  potentiometer;  10) 
center  tap  of  potentiometer. 

later. 

Let  the  system  of  mutually  perpendicular  axes  Oxyz0  he  attached  immovably  to 
the  instrument  housing;  this  system  has  its  origin  at  the  point  0,  vhich  is  the 
point  of  intersection  of  the  gyroscope  spin  axis  z  with  the  X  axis  of  rotation  of 
the  frame.  Aa  noted  previously,  the  1  axis  is  directed  along  the  axis  of  rotation 
of  the  gyroscope  frame.  The  y  and  Zq  axes  are  perpendicular  to  the  x  axis.  Here 
the  Zq  axis  is  made  to  coincide  with  the  direction  occupied  by  the  spin  axis  z 
when  the  moment  applied  to  the  frame  by  the  springs  is  zero,  i.e.jvhen  the  measured 
angular  velocity  assumes  zero  value. 

We  shall  designate  the  y  axis  the  measurement  or  Input  axis  of  the  gyroscope 
in  view  of  the  fact  that  our  gyroscope  is  Intended  to  measure  the  angular  velocity 
of  rotation  «  of  its  housing  about  the  y  axis.  The  direction  of  the  Zq  axis  will 
be  termed  the  initial  direction  of  the  spin  axis  z,  since  the  z  axis  coincides  vith 
the  Sq  axis  at  «  ■  0.  Finally,  the  x  axis  vill  be  designated  the  output  axis  of 
the  gyroscope,  since  (see  Fig.  1.1)  rotation  of  the  housing  vith  the  angular 
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Telocity  «  results  in  rotation  of  the  frar-e  about  the  x  axis* 

Accordingly,  when  the  angular  velocity  «  of  the  housing  about  the  measurement 
axis  is  zero,  the  spin  axis  z  coincides  with  the  Zq  axis  and  the  moment  generated 
by  the  springs  -el  =  °* 

If  now  the  gyroscope  housing  rotates  about  the  measurement  axis  with  a  con¬ 
stant  angular  velocity  «  (see  Fig.  1.17)/  *  gyroscopic  moment  is  created  which 
tends  to  turn  the  frame  about  its  x  axis  of  rotation.  Tula  moment  is  called  the 
restoratl  .  moment  of  the  differentiating  gyroscope. 

The  restorative  moment  will  be  resisted  by  the  moment  Me^  generated  by  the 
springs.  As  s  result.,  the  frame  will  be  deflected  from  its  original  position  until 
the  gyroscopic  moment  is  balanced  by  the  counteracting  moment  generated  by  the 
springs  and  the  frictional  moment  epplying  to  the  axla  of  rotation  of  the  frame. 

Let  ua  derive  the  equation  of  motion  of  the  frame.  When  the  instrument 

► 

hotiaing  rotates  about  the  measurement  axis  at  an  angular  velocity  u  ,  which  is 
conaldered  positive  when  its  vector  coincides  with  the  direction  of  the  positive 
part  of  the  £  axis,  the  following  moments  will  act  on  the  frame  about  its  x  axis 
of  rotation.  (Here  and  henceforth,  a  moment  will  be  considered  positive  when  its 
vector  is  directed  along  the  positive  part  of  the  x  axiB  for  positive  values  of 
the  quantity  of  which  it  is  a  function): 

1.  A  gyroscopic  moment,  which, ^according  to  Formula  (1.2),  will  be  given  by 


£——//«»  jin  (90®  —  ?)—  —H»  cos?.  (1.22) 


where  0  is  the  angle  of  deflection  of  the  frame  (or  of  the  spin  axis)  from  its 

initial  position;  this  angle  is  considered  positive  in  the  direction  indicated  by 

I 

the  arrow  in  Fig.  1.17. 

2.  A  moment  generated  by  the  springs.  By  specification  this  is  proportional 
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to  the  angle  $  and  directed  so  as  to  return  the  frame  to  Its  Initial  position 
(  $  s  0).  Accordingly ,  the  moment  generated  by  the  springs  will  be  equal  to 


A?  -A  *. 


U.23) 


where  K^x  is  a  proportionality  coefficient  equal  to  the  moment  generated  by  the 
springs  when  a  is  equal  to  one  radian;  dimensions,  gf -cm/rad. 

3*  *  damping  moment  generated  by  the  dashpot.  This  moment  is  proportional 
In  value  and  opposed  In  direction  to  the  velocitv  a  .  Thus  (the  velocity  a  is 
positive  when  its  vector  is  directed  along  the  negative  x  axis)  it  is  given  by: 


M-Kj,  (1.24) 

where  K^p  is  the  specific  damping  moment,  or  the  moment  generated  by  the  dashpot 
when  the  velocity  B  is  1  rad/aec;  dimensions,  gf-cm-oec. 

A  moment  of  inertia  equal  to  ( the  acceleration  a  is  positive  when  its 
vector  is  directed  along  the  negative  part  of  the  x  axis) 


(1.25) 

where  J  is  the  moment  of  inertia  applied  to  the  axis  of  rotation  of  the  frame  by 
all  parts  of  the  instrument  moving  with  it;  dimensions,  gf-cm-stcp. 

5*  The  rel erred  frictional  moment  *  (the  plus  eign  is  used  for  5>0,  and 
the  minus  for  fi  <  0) .  This  value  is  equal  to  the  sum  of  all  frictional  forces  and 
uOMnta  arising  on  rotation  cf  the  frame  and  referred  to  the  *  axiB.  We  shall 

46 


7-13-9910/v 


consider  the  value  of  this  mciaent  constant,  although  it  will  be  to  some  extent  a 
function  of  the  angle  4  In  the  design  represented  schematically  in  Fig.  1,17. 

Equating  the  sua  of  all  these  moments  to  zero,  ve  obtain  the  equation  of 
motion  of  the  gyroscope  frame  in  the  fora 


J?  +■  Kjf  +  A"?  +  M  t  //•>  cos  p. 


(1.26) 


The  device  is  constructed  in  such  a  way  that  the  angle  0  will  remain  small 
throughout  the  entire  range  of  measurement  of  the  velocity  w  .  When  this  condition 
prevails,  we  may  assume  cos  4*1,  whereupon  Equation  (1.26)  takes  the  fora 


J$  +  kJ  +  km9±m  t-iu. 


(1.27) 


The  frame  can  be  set  into  motion  only  in  cases  where  the  gyroscopic  moment  E*,is 
greater  than  the  frictional  moment  Mfr.  Thus  by  making  these  momenta  equal  to 
one  another,  ve  obtain  the  following  expression  for  the  smallest  angular  velocity 
to  which  the  instrument  will  be  sensitive: 


Therefore  the  smaller  the  angular  velocity  to  which  the  device  is  to  respond,  the 
smaller  must  be  its  frictional  moment  .  At  the  present  time  it  1b  frequently 
necessary  to  measure  angu.ar  velocities  ao  small  that  this  can  no  longer  be 
accomplished  by  means  of  differentiating  gyroscopes  of  the  usual  design  (see  Fig. 
1.17)/  due  to  considerable  frictional  moments.  It  is  consequently  necessary 


*9. 
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In  these  canes  to  use  floating  differentiating  gyroscopes,  in  vhich  the  frictional 
moment  is  reduced  to  zero  for  all  practical  purposes. 

Solving  Equation  (1.27)  for  0 ,  ve  obtain  the  following  expression  for  the 
current  value  of  this  angle: 


(1.28) 


In  the  equilibrium  position,  which  is  reached  a  certain  period  after  the 

•  •  * 

instrument  housing  starts  rotating  with  the  constant  velocity  « ,  fi  =  fi  «0»  so 
that  the  angle  of  d -flection  of  the  frame  from  its  original  position  becomes  equal 
to 


(1.29) 


i  In  the  equilibrium  position,  the  gyroscopic  moment  1b  balanced  by  the  moment 

1  generated  by  the  aprings  and  the  referred  frictional  moment.  An  effort  ia  made  to 
construct  the  device  in  such  a  way  that  the  second  term  in  the  right-hand  member  of 
Formula  (1.29)  will  be  negligibly  small.  Let  us  assume  that  this  is  the  case. 

Then,  instead  of  Formula  (1.29)  ve  obtain  the  following  expression  for  the  value 
of  the  angle  fi  in  the  equilibrium  position: 


P- 


H 

-  •. 

K  ti 


(1.30) 


It  will  be  seen  from  this  expression  that  in  the  equilibrium  position  corresponding 
to  some  given  measured  velocity  *  ,  the  angle  of  deflection  of  the  frame  from  its 

59. 
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initial  poaition  will  be  directly  proportional  to  w  ,  so  that  it  nay  be  uaed  aa 
*  a  measure  of  thia  angular  Telocity  for  conatant  values  of  H  and  Ke^- 

Formula  (1.30)  la  an  approximate  one,  alnce  it  was  obtained  on  the  basis  of 
the  conditions  that  cos  0nl  and  Mfr  s  0.  In  exact  measurements,  therefore,  it  la 
necessary  to  estimate  the  errors  which  these  assumptions  introduce.  Furthermore, 
it  should  be  borne  in  mind  that  when  the  spin  axis  s  is  deflected  through  an  angle 
0  from  its  initial  position  (the  zq  axis),  the  device  will  also  exert  a  reaction 
upon  the  angular  velocity  about  the  zQ  axis.  At  Bmall  values  of  j  ,  the  resulting 
error  will  be  small.  In  exa:t  measurements,  however,  it  must  bIbo  be  taken  Into 
account. 

The  reason  for  referring  to  the  present  device  as  a  differentiating  gyroscope 
becomes  clear  from  Formula  (1.30).  The  designation  is  explained  by  the  fact  that 
the  output  quantity  of  the  gyroscope,  the  angle  0  ,  is  proportional  to  the  first- 

I 

order  derivative  with  respect  to  time  of  the  input  quantity,  the  angle  «  of  rota- 
tion  of  the  gyroscope  about  the  measurement  axis,  or  of  the  angular  velocity 


If  the  gyroscope  housing  rotates  with  a  variable  angular  velocity  u  ,  the 
value  of  the  angle  f  at  a  given  instant  will  no  longer  be  determined  by  Formula 
(1.29)  or  (1.30),  but  by  Expression  (1.28).  In  order  to  obtain  the  closest 
possible  correspondence  here  between  the  current  values  of  the  angle  0  and  the 
instantaneous  values  of  the  measured  velocity  «.  ,  the  parameters  of  the  device 

should  he  selected  in  such  a  way  that  the  influence  of  the  last  two  terms  in  the 
right-hand  member  of  Expression  (1.28)  will  be  minimal.  To  achieve  this  as  well 
as  small  values  of  Kfr  in  the  frames  of  the  design  shown  in  Fig.  1.17  1>  exceed¬ 
ingly  difficult.  A  device  built  in  accordance  with  this  design  will  often  be 


jr-TS-9910/v 


51 


incapable  of  providing  the  high-precision  measurements  of  •*  required  for  contempor¬ 
ary  navigational  systems,  and  particularly  for  the  self-contained  ones.  The  so- 
called  floating  differentiating  gyroscope,  which  we  shall  consider  later,  is 
markedly  superior  in  this  respect. 

Direct  use  of  J  as  an  output  signal  is  feasible  only  in  direct-evaluation 

I 

devices.  In  order  to  use  a  differentiating  gyroscope  in  any  type  of  telemetering 
or  automatic  control  system  it  is  necessary  to  convert  this  angle  into  an  elecrical 

i  signal  proportional  to  it,  e.g^into  a  voltage. 

i 

The  potentiometer  picxoff  9  serves  this  purpose  in  the  diagram  shown  in  Fig. 

1  1.17.  The  wound  carcass  of  the  potentiometer  is  mounted  on  the  instrument  housing, 
and  the  wiper  1  is  rigidly  attached  to  the  gyroscope  frame.  The  wiper  is  positioned 
I  in  such  a  way  that  when  -  «  0  and  =  0,  the  voltage  registered  by  the  potentio- 
j  meter  is  also  zero.  The  potentiometer  is  made  strictly  linear  so  that  the  voltage 
'  which  it  registers  will  be  proportional  to  the  angle  9  and  characterized  by  a 
I  sign  (or  phase)  corresponding  to  the  sign  of  this  angle. 

Other  types  of  output-signal  pickoffa  having  the  properties  necessary  to  meet 
the  aoove  requirements,  e.gv inductive  devices  may  be  used  instead  of  the  poten¬ 
tiometer  pickoff . 

In  isolated  special  applications,  the  differentiating  gyroscope  is  also 
|  equipped  with  a  torquer  device  similar  in  construction  to  that  seen  in  the  gyro¬ 
scope  with  three  degrees  of  freedom.  The  function  of  the  torquer  6  (Fig.  1.17)  1® 
to  apply  to  the  gyroscope  frame  a  moment  proportional  to  the  correction  (control) 
current  slivered  to  its  input.  A  moment  (e.g.  an  imbalance  moment)  created  by 

i 

deflection  of  the  frame  from  its  initial  position  at  u  =  0  may  be  compensated  by 

I 

1  the  moment  generated  by  the  torquer. 


5Z 
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Section  6.  The  Integrating  gyroscope 


The  Integrating  gyroscope  cone  lata  of  a  gyroscope  vith  tvo  degrees  of  freedom 
(Tig.  1.1)  equipped  with  a  damping  device  which  applies  to  the  gyroscope  frame  a 
■Patent  acting  about  its  x  axia  of  rotation  and  proportional  to  the  angular  velocity 
of  the  frame  about  this  axis. 


Fig.  1.10.  Simplified  drawing  showing  design  of  integrating  gyroscope. 

1)  Potentiometer  wiper;  2)  shell  of  damper  (rigidly  mounted 
in  gyroscope  housing);  3)  disk  of  damper  (rigidly  attached 
to  gyroscope  frame);  4}  gyroscope  rotor;  5)  gyroscope  frame; 

6)  gyroscope  housing;  7)  torquer;  8)  gyromotor  stator;  9) 

!  potentiometer;  10)  center  tap  of  potentiometer. 

A  gyroscope  of  this  type  serves  to  measure  the  angle  of  rotation  of  its 
housing  about  an  axis  perpendicular  to  the  axis  of  rotation  of  the  frame  and  to  a 
given  initial  position  of  the  spin  axis.  The  design  of  an  integrating  gyroscope 
jji  represented  schematically  in  Tig.  l.ld.  This  is  similar  to  that-  of  the  differ 
entlating  gyroscope  (Fig.  1.17)  hut  differs  in  the  following  respects:  the  inte¬ 
grating  gyroscope  is  not  equipped  with  springs  or  other  devices  performing  a 
i 

similar  function.  A  liquid  damper  is  used  vith  it  instead  of  a  dashpot,  aince 
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the  latter,  which  la  used  la  the  differentiating  gyroscope  only  for  the  purpose  of 
suppressing  oscillations  of  the  frame,  cannot  fully  meet  the  specifications  for 
the  damper  of  an  Integrating  gyroscope.  In  contrast  to  the  air  damper,  the  liquid 

damper  Is  virtually  free  of  dry-surface  friction.  Its  characteristics  are  mare 

i 

stable  and  it  permits  the  generation  of  considerably  larger  damping  moments. 

Die  liquid  damper  Is  represented  schematically  in  Fig.  1. 18  as  consisting 
of  the  shell  2,  which  Is  mounted  In  the  gyroscope  housing  6,  and  the  disk  3,  which 
|  Is  rigidly  connected  to  the  axis  of  the  frame  5»  The  gap  between  the  shell  and 
the  disk  Is  filled  with  a  viscous  liquid. 

The  axes  represented  In  Fig.  I.l8  are  identical  in  significance  to  those 
;  shown  In  Fig.  1.17 .  As  before,  the  angle  of  deflection  of  the  frame  (the  spin 
axis  z)  from  its  original  position  (the  Zq  axis)  la  denoted  tqr  •  denotes 

the  angle  of  rotation  of  the  gyroscope  housing  about  its  measurement  (input)  axis 
!  j.  Hence  «•  ,  the  angular  velocity  of  the  gyroscope  about  the  measurement  axis, 

I1****110  1  • 

i  Using  this  notation,  we  may  state  that  the  integrating-gyroscope  problem 

J  formulated  above  revolves  about  the  proportionality  of  the  angle  0  to  the  angle 
•  or.  In  other  wards,  to  the  Integral  of  the  angular  velocity  •*  with  respect 
'  to  time.  This  last  also  explains  why  the  present  device  is  tensed  an  integrating 

i 

I  gyroscope. 

If  we  neglect  the  friction  and  inertia  of  the  gyroscope  frame  and  the  rela¬ 
ted  components  of  the  device,  the  operation  of  the  integrating  gyroscope  may  be 
presented  in  general  terms  as  follows:  a  gyroscopic  moment  arises  upon  rotation 
,  of  the  housing  about  the  measurement  axis  %  at  an  angular  Telocity  «*  .  Hie  frame 
begins  to  rotate  under  the  influence  of  this  moment.  The  moment  generated  by  the 
damper  resists  the  rotation  of  the  frame.  According  to  Formulas  (1.22)  and  (1.24), 
these  maaents  are  respectively  equal  to 
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\  -  -//»CO*M  -Hot,  At  sr-./C  6. 

■O  dp 


Under  the  assumed  conditions,  the  sum  of  these  tvo  moments  should  be  equal 

•  • 

to  aero  at  all  times,  l.e..  K^pg  =  Em  j  it  follows  frum  this  that 


*  H 

Ad, 


(1.31) 


1 . e .j  at  any  given  instant,  the  velocity  of  rotation  f  of  the  frame  is  proparr- 

I 

'  tlonal  to  the  angular  velocity  of  rotation  m  of  the  housing  about  the  axis  of 

! 

measurement. 

Integrating  this  last  equality  and  assuming  that  J  :  0  at  the  initial 
i  instant  t  -  0,  ve  obtain 

!  tl,w 


I  l.e.,  the  angle  of  rotation  jf  the  integrating  gyroscope  frame  is  equal  to  the  time 

I  • 

!  integral  of  the  angular  velocity  u  .  Since  m  =  j;  *  ,  the  integrand  «dt  - 

|  dt 

■  d  •  ,  so  that 


s 

P -<///*)  f  d*V). 

4* 


Since  «  (0)  =  0  and  •  (t)  -  «  ,  integration  yields 

P=(///K)o,  (1.33) 

| 

i.e.,  the  angle  of  rotation  of  the  frame  is  directly  proportional  to  the  angle  of 
;  rotation  of  the  housing  of  the  integrating  gyroscope  about  its  measurement  axis. 

As  in  the  case  of  the  differentiating  gyroscope,  the  smallest  angular 

► 
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velocity  to  which  the  Integrating  gyroscope  can  respond  is  given  by  to  ,  -  M_/h, 

where  Mfr  is,  as  before,  the  referred  frictional  moment.  Taking  Mf  into  con¬ 
sideration  and  neglecting  the  inertia  of  the  design  members  which  rotate  about 
the  x  axis,  we  find  that  for  u>  > cu^^,  the  angle 

t 

0 

The  second  term  in  the  right-hand  member  is  the  Instrument  error  due  to  the 
frictional  moment.  Tills  error  is  directly  proportional  to  the  time  during  which 
the  device  rotates  at  the  velocity  co.  It  is  to  be  noted  that  the  error  of  a  dif¬ 
ferentiating  gyroscope  due  to  the  moment  M_  is  a  constant  value  when  M,  «  const. 

-rr  — i  r 

At  the  present  time,  integrating  gyroscopes  with  frictional  moments  practically 
equal  to  zero  are  required  for  the  solution  of  a  number  of  highly  important  techni¬ 
cal  problems.  This  requirement  is  satisfied  only  by  .floating  integrating  gyro¬ 
scopes  . 

When  an  integrating  gyroscope  is  used  ir.  a  telemetering  or  automatic  control 
system,  it  is  necessary  to  convert  the  angle  B  into  an  electrical  signal  propor¬ 
tional  to  it,  such  as  a  voltage.  The  potentiometer  pickoff  9  performs  this  func¬ 
tion  in  the  design  shown  in  Fig.  1. lfl;  this  is  completely  analogous  in  construction 
and  operation  to  the  one  described  for  the  differentiating  gyroscope. 

The  torquer  ^  (Fig.  1.18)  serves  to  compensate  any  constant-value  and  uni¬ 
directional  disturbance  moments  which  may  act  on  the  frame  of  the  gyroscope  about 
its  axis  of  rotation.  These  Include,  for  example,  imbalance  moments,  moments 
generated  by  the  leads  to  the  gyroootor  (these  are  not  shown  in  Fig.  1.18),  and 
so  on.  A  current  ICOQ  supplied  to  the  torquer  causes  it  to  generate  a  moment  equaO 
in  value  and  opposite  in  direction  to  the  moments  of  the  above  disturbances. 

Another  very  important  function  of  the  torquer  will  be  discussed  later. 

let  us  now  consider  the  operation  of  the  integrating  gyroscope  in  somewhat 
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greater  detail,  taking  into  consideration  the  Inertia  of  the  gyroscope  franc  and 
the  components  of  the  device  attached  to  It.  Suppose  t**.t  the  instrument  hous¬ 
ing  rotates  about  the  measurement  axis  %  at  an  angular  velocity  «  .  Under  these 
conditions  the  following  moments  will  act  on  the  frame  about  Its  x  axis  of  rota- 

f 

tlon: 

1.  A  gyroscopic  moment  equal  to 

&  ■»  —  //«>cos8. 

i 

I 

j  As  a  rule,  the  operating  conditions  created  far  integrating  gyroscopes  In  the 
|  mechanisms  in  which  they  are  used  are  such  that  the  angle  9  ream  Ins  snail  at  all 
j  times.  This  virtually  eliminates  the  effect  on  the  instrument  of  the 
!  Telocity  of  rotation  of  its  housing  about  the  Initial  position  Zq  of  the  spin 
■  rnxie,  and  renders  the  gyroscopic  moment  In  practice  propartloial  to  «•  ,  since 
-  cob  f  may  he  assumed  equal  to  one  with  a  very  small  error.  Thereupon  the  expres- 

1  sion  for  the  gyroscopic  moment  takes  the  farm 

l 

j  «=  —  /V»=  — Ht. 

|  2.  A  moment  generated  by  the  damper  and  given  by 

| 

3-  A  moment  of  Inertia,  equal,  as  In  the  case  of  the  differentiating 
gyroscope,  to 

I 

M  wmjf. 

I 

A.  A  7-eferred  frictional  moment  t  M^..  The  Instrument  is  designed  in 
such  a  wsy  that  this  moment  Is  held  to  a  minimum.  We  shall  accordingly  disregard 

It  for  the  sake  of  simplicity. 

1 

equating  the  sum  of  the  first  three  moments  to  zero,  we  Obtain  the  equa- 
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tlon  of  motion  of  the  integrating- gyrosc  ope  frame  in  the  form 

JH  +  Aj-H*.  (1.34) 

A  single  Integration  of  this  equation  far  the  initial  conditions 
•s»  =  J  =  Oattso  yields 


7*  +  P=~«. 

A  jp 


(1.35) 


vhere 


X*, 


(1.36) 


the  time  constant  of  the  Integrating  gyroscope. 

Integrating  Equation  (1.35)  far  the  same  initial  conditions,  we  obtain 


Integrating  the  right-hand  member  of  this  equality  by  parts,  we  obtain 


i 


Here  * 


is  a  variable  of  Integration. 


(1.37) 


It  will  be  seen  from  this  equality  that  to  permit  measurement  of  the  angle 
•  ,  the  bracketed  integral,  in  which  t  >  »  ,  must  at  all  times  remain  vanish¬ 

ingly  small.  For  this  purpose  the  parameters  of  the  instrument  design  must  be 
chosen  so  thr.t  the  value  of  the  time  constant  T  becomes  sufficiently  saall  and  the 
value  of  5  not  excessively  large.  As  seen  Tr<n  Equality  (I.36),  this  in  turn 
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necessitates  Baking  the  moaent  of  inertia  J  as  as  possible  and  the  specific 

dsaplng  moment  !£dp  as  large  as  possible.  If  the  snmll-T  condition  is  satisfied, 
*•  ■»/  drop  the  second  term  in  the  bracketed  notation  of  Equality  (1.37).  We 
shall  then  hare  the  familiar  ratio  (1.33) 

I 

j  P-(//Aya. 

The  use  of  an  integrating  gyroscope  to  measure  the  angle  •  by  direct 
j  (itssediate  or  remote)  measurement  of  the  angle  of  rotation  9  of  the  gyroscope 

j  frame  with  respect  to  the  instrument  housing  is  expedient  only  in  those  cases 

1  where  the  range  of  possible  values  of  the  angle  *'  and  the  parameters  of  the 
|  instrument  are  such  that  the  angle  9  remains  small  enough  at  ai  i  times  during 
!  operation  to  permit  setting  cos  9  =  1  and  sin  9  -  0  with  a  sufficiently 

!  small  error.  Otherwise  the  operation  of  the  instrument  will  be  complicated  by 
!  the  following  circumstances :  first,  if  the  angle  9  is  such  that  cos  p  my 

not  be  assumed  equal  to  unity,  the  gyroscopic  moment  become  He  cos  9  (in- 

j 

I  stead  of  Hi  ,  as  when  cos  f  -  l) ;  this  results  in  nonlinear  dependence  of 

9  on  •  .  Secondly,  if  it  is  inadmissible  to  set  sin  9-0,  the  -nguiof 

j  Telocity  of  the  instrument  bousing  about  the  initial  position  of  the  spin  axis 

:  t,  i.e.j  about  the  axis  z Q,  will  affect  the  value  of  the  angle  9 

l 

When  arbitrary  values  of  the  angle  •  are  to  be  measured,  therefore,  the 
Integrating  gyroscope  must  be  used  in  conjunction  with  a  servomechanism.  A  eys- 

i 

tern  formed  in  this  way  constitutes  a  spatial  angular-velocity  integrator  which 
j  operates  on  the  principle  of  an  integrating  drive.  In  this  system,  the  lntegra- 
!  ting  gyroscope  serves  as  the  sensing  unit.  We  apply  the  desigxmtion  "spatial"  to 
j  this  integrator  in  view  of  the  fact  that  it  detects  rotational  velocity  relative 
j  to  inertial  space  and  Integrates  it  with  respect  to  time  (like  the  integrating 
gyroscope). 
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Section  7.  The  Spatial  Angular-Velocity  Integrator  and  Applica¬ 
tion  of  the  Integrating  Gyroscope  to  Geometrical 
Stabilization 

A  schematic  representation  of  the  uniaxial  spatial  angular-velocity  Inte¬ 
grator  appears  In  Fig.  1.19.  Th*  Integrator  Is  termed  uniaxial  because  Its  pur- 
i  pose  Is  to  Integrate  the  angular  velocity  of  rotation  In  Inertial  space  about  a 
single  arbitrary  axis,  vlth  which  the  measurement  (input)  axis  of  the  Integrator 
must  be  brought  Into  alignment  (or  parallelism).  The  Integrator  must  not  be 
sensitive  to  rotations  about  the  axes  perpendicular  to  Its  measurement  axis.  The 
|  principal  components  of  the  Integrator  are  the  Integrating  gyroscope  and  the 
|  servomechanism. 

The  integrating  gyroscope  2  Is  held  In  the  clamp  1,  which  Is  mounted  rigld- 

l 

|  ly  on  the  shaft  3.  The  latter  is  carried  In  the  bearing  6  of  the  flange  7,  which 
is  fixed  to  the  Integrator  housing  8.  The  geometric  axis  of  the  shaft  3  is  the 

measurement  axis  of  the  Integrator,  or  (a  term  by  which  we  shall  refer  to  it  from 

1  . 

I  now  on)  its  input  axis.  The  integrating  gyroscope  2  is  inserted  in  the  clamp  1  In 
such  a  way  that  Its  measurement  ( input )  axis  coincides  with  the  Input  axis  of  the 
!  Integrator.  We  shall  therefore  refer  to  the  Input  axis  of  the  integrator  as  the 
I  axis.  To  avoid  complicating  the  drawing,  the  gyroscope  housing  2  In  Fig.  1.19 
is  not  sectioned.  Nevertheless,  the  disposition  of  the  gyroscope  elements  is 
readily  understood  on  comparison  of  Figs.  I.19  and  1.18.  The  x  axis  Is  the 
j  of  rotation  of  the  gyroscope  frame  In  both  illustrations,  and  the  Jq  axis  repre- 
j  sents  the  initial  position  of  the  spin  axis  z  .  The  arrows  Indicate  the  positive 
i  directions  of  the  angles  •  and  9  .  The  slave  motor  5  of  the  servosystem  is 
mounted  on  the  flange  7j  this  functions  to  rotate  the  gyroscope  housing  2  about 
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Jig.  1.19*  Schematic  representation  of  uniaxial  spatial  angular-velocity 
Integrator  with  integrating  gyroscope  and  servomechanism,  l)  Clamp 
rigidly  attached  to  shaft  3;  2)  integrating  gyroscope;  3)  shaft;  4) 
amplifier;  5)  »lave  motor;  6)  bearing;  7)  flange;  8)  integrator  housing; 
9)  Indicator;  10)  gear  train;  11)  reduction  gearing;  12)  wipers  and  con¬ 
tact  rings  for  pickoff  of  output  voltage  UQut  from  integrating-gyroscope 

potentiometer;  13)  wipers  and  contact  rings  for  delivery  of  current  I 
* ’  to  torquer  of  integrating  gyroscope.  "con 


the  input  axis  jr  with  respect  to  the  integrator  housing.  The  angle  of  rotation  OL 
of  the  integrator  housing  8  in  inertial  spac*»  about  the  input  axis  y  is  indicated 
by  dial  9  which  is  driven  from  the  shaft  3  by  the  gear  y-ain  10.  The  voltage  UQut 
of  the  potentiometer  9  (see  Fig.  l.lfl)  is  delivered  via  the  wipers  and  contact 
rings  12  (Fig.  1-19)  to  the  input  of  the  amplifier  4.  The  slave  motor  5  is  con¬ 
nected  to  the  amplifier  output. 

The  integrator  operates  as  follows:  let  us  assume  first  that  the  servodrive 
is  shut  off,  i.e.,  that  the  amplifier  input  is  disconnected  from  the  vipers  12. 
low  let  us  turn  the  integrator  housing  8  in  inertial  space  through  a  certain  angle 
01  about  its  input  axis  j  at  an  angular  velocity  to.  The  housing  2  of  the 
integrating  gyroscope,  which  functions  in  this  case  as  a  sensing  element,  will 

f  * 
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turn  with  It  through  the  same  angle.  Then,  In  accordance  with  the  foregoing,  the 
gyroscope  frame  will  turn  through  an  angle  9  ,  proportional  to  the  angle  •  , 
with  respect  to  the  Instrument  housing.  An  output  signal,  an  electrical  voltage 
Uout  proportional  to  9  and  thereby  to  the  angle  •  ,  will  appear  at  the  output  of 
the  integratlng-gyroscope  potentiometer  9  (see  Fig.  1.18)  as  a  result. 

Let  us  switch  on  the  servodrlve  and  apply  the  roltage  Dout  to  the  Input  of 
Its  amplifier  U.  After  amplification,  this  voltage  will  set  the  slave  motor  5 
into  operation.  The  latter,  working  through  the  reduction  gear  11  and  the  shaft  3, 
will  begin  turning  the  integratlng-gyroscope  housing  2  in  the  opposite  direction. 
The  angle  «  ,  and  therefore  the  angle  }  and  the  voltage  U  will  become  emal- 

ler.  This  process  will  continue  until  the  operation  of  the  servodrlve  ceases; 
dUs  occurs  when  the  voltage  UQut  is  reduced  to  zero.  The  voltage  becomes 
e*ual  to  zero,  however,  only  when  the  angle  J  and  therefore  the  angle  •  are 
aero,  i.ey  when  the  servodrlve  returns  the  Integratlng-gyroscope  housing  to  Its 
original  position.  The  angle  of  rotation  of  the  integratlng-gyroscope  housing  2 
j  with  respect  to  the  Integrator  housing  8  will  be  Indicated  by  the  dial  9  (see  Fig. 
j  1.19).  This  angle  Is  equal  to  the  angle  of  rotation  «  of  the  Integrator  housing 
8  In  Inertial  apace. 

We  have  considered  the  operation  of  the  integrator  in  separate  phases.  In 
actual  operation,  the  servodrlve  Is  "on"  at  all  times.  The  process  is  as  follows: 
let  us  assume  that  the  integrator  housing  8  rotates  In  inertial  space  about  the 
input  axis  jr  of  the  integrator  with  a  certain  angular  velocity  w  .  At  the  ini¬ 
tial  instant  of  this  rotation,  the  Integratlng-gyroscope  housing  2  will  also  ro¬ 
tate  together  with  the  integrator  housing.  As  a  result,  an  output  signal,  the 
voltage  U^,  will  appear  at  the  output  of  the  integrating  gyroscope.  Thin  vol¬ 
tage  will  actuate  the  servodrlve.  The  latter,  which  Is  nlgMy  sensitive  and 
responds  rapidly,  will  keep  turning  the  gyroscope  housing  In  the  opposite  dlrec- 
tl0n  at  a  Teloclty  equal  **  magnitude  and  opposite  in  direction  to  the  velocity  *  . 
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Consequently  the  lntegratlng-gyroscope  housing  vlll  remain  stationary  In  Inertlnl 
■pace.  In  so  doing  It  vlll  be  deflected  from  Its  Initial  position  through  a  very 
small  angle,  which  will  depend  on  the  sensitivity  thresholds  of  the  Integrating 
gyroscope  and  the  servodrlve.  Thus  the  angle  J  will  remain  small  at  all  times, 
which,  as  noted  above,  Is  extremely  Important. 

The  rotation  of  the  integratlng-gyroscope  housing  relative  to  the  inte¬ 
grator  housing  about  Its  Input  axis  jr  Is  transmitted  to  the  indicator  dial  9 
(see  Fig.  1.19).  Thus  the  Integrator  Indicator  vlll  show  the  angle  of  rotation 
of  the  Integrating- gyroscope  housing  with  respect  to  the  integrator  housing.  It 
Is  clear  from  the  preceding  discussion  that  this  angle  vlll  be  equal  to  the  time 
Integral  of  the  singular  velocity  of  rotation  “  of  the  Integrator  housing  8  In 
!  Inertial  space  about  the  Integrator  Input  axis  y,  l.e.j  to  the  angle  « 

i 

Thus  the  uniaxial  spatial  angular-velocity  Integrator  only  integrates  the 
angular  velocity  of  rotation  of  the  housing  about  its  Input  axis  yj  since  the  ro- 
j  tattoos  of  the  Integrator  housing  relative  to  all  other  axes  perpendicular  to  the 

.  Input  axis  cannot  create  an  output  signal,  a  voltage  U0„t,  in  the  integrating 

i 

|  gyroscope,  and  cannot,  therefore,  operate  the  servodrlve. 

Let  us  suppose  that  the  Integrator  housing  may  only  rotate  In  inertial 
!  space  about  the  jr  axis,  or.  In  other  vords,  that  the  orientation  of  the  jr  axis  in 
:  Inertial  space  does  not  change.  It  follows  directly  from  analysis  of  the  operation 
of  ths  integrator  that  under  these  conditions  the  clamp  1  and  the  Integrating 
gyroscope  2,  mounted  within  it,  will  retain  fixed  orientations  in  Inertial  space 
during  any  rotation  of  the  housing  8  about  Its  input  axis  With  reference  to 
the  clamp  1  the  integrator  under  examination,  which  consists  of  an  integrating 
gyroscope  2  and  a  servodrlve,  functions  as  a  uniaxial  stabilizer  which  effects  geo¬ 
metrical  stabilisation  of  the  clamp  1  in  Inertial  space  with  respect  t~  the  jr  axis. 
Consequently,  If  we  have  a  platform  which  must  be  stabilized  geometrically  with 
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respect  to  a  single  axis  in  Inertial  space,  sui  Integrator  of  the  type  discussed 
abore  my  be  used  to  accomplish  It.  Let  us  consider  this  extremely  Important  ap¬ 
plication  of  the  Integrator  In  somewhat  greater  detail. 


Suppose  that  the  platform  1*  (Fig.  1.20)  requires  geometrical  stabilization 

in  inertial  space  with  respect  to  the  axis  Y^.  The  axes  O^Yj^i  are  fixed  to 

the  platform.  The  platform  must  be  stabilized  with  respect  to  the  axis  Y  .  This 

“Pi 

means  that  the  orientation  of  the  Xpi  and  axes  must  remain  stationary  during 
i  411  notations  of  the  base  1  about  the  Ypl  axis  In  inertial  space,  and  also  when 


there  are  moments  which  tend  to  turn  the  platform  4  about  the  axis  Y^.  The  plat¬ 
form  4  is  mounted  on  the  base  1  via  the  two  .'aurnals  5,  which  are  directed  along 
the  axl*  2pi*  ®»*  fnt  -Trating  gyroscope  6  Is  attached  to  the  platform.  The  in¬ 
put  (measurement)  axis  2  of  the  gyroscope  most  be  parallel  to  the  stabilization 
ul*  Ipl  the  P^tfarm;  let  the  x  axis  run  parallel  to  the  axis  and  the 
•?0  axl“  colnclde  with  the  axis.  Let  the  slave  motor  8  of  the  servodrive  be 
mounted  on  the  base  1  of  thj  stabilizer.  The  motor  torque  Is  transmitted  to  the 
platform  4  via  the  reduction  gear  9.  In  principle,  the  scheme  shown  In  Fig.  1.20 


1*20’  Uniaxial  stabilizer,  l)  Base  of  stabilizer;  2)  brushes  and  con¬ 
tact  rings  for  plckoff  of  output  voltage  U^  frorc  inte grating-gyroscope 

potentiometer;  3)  brushes  and  contact  rings  for  delivery  of  current  I 

to  torquer  of  Integrating  gyroscope;  4)  plat  fora  to  be  uni  axially  stabilized; 
5)  platform  axis  Journals;  6)  integrating  gyroscope;  7)  amplifier;  8)  slave 
motor;  9)  reducing  gear. 
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differs  in  no  respect  from  that  of  Fig.  1.19.  Thus  the  position  of  the  platform 

k,  i.e.j  the  orientation  of  the  Xpl  and  Zpl  axes  in  inertial  space,  will  remain 

unchanged  during  all  rotations  of  the  base  1  about  the  Ypl  axis. 

Let  us  now  assume  that  a  disturbance  moment  My  has  begun  to  act  on  the 

- I>1 

platform  about  the  Y  axis.  Under  the  influence  of  this  moment  the  platform 
will  begin  to  rotate  about  the  axis  Ypl«  This  results  in  the  appearance  at  the 
output  of  the  gyroscope  pontentiometer  9  (Fig.  1.19)  of  a  voltage  which, 

after  amplification  and  suitable  transformation  by  the  amplifier  7  (see  Fig.  1.^0)  , 
sets  the  slave  motor  8  of  the  servosystem  into  operation.  The  latter,  working 
through  the  reducing  gear  9,  begins  to  apply  to  the  platform  4  a  moment  which  is 
opposed  in  direction  to  Ky  .  Let  us  suppose  that  the  moment  developed  by  the 
slave  motor  is  proportional  to  the  voltage  Uout>  i.e.,  to  the  angle  of  deflection 
•  of  the  platform  from  its  Initial  position  (•  -  0).  The  motor  torque  will 
then  increase  as  the  angle  of  deflection  of  the  platform  from  its  initial  prjitlon 
increases.  But,  as  long  as  the  motor  torque  remains  smaller  than  the  moment  My^» 
the  platform  will  continue  to  deviate  from  its  original  position.  When,  however, 
the  motor  torque  becomes  equal  to  the  moment  M  at  a  certain  value  of  fhe  angle 

-Spi 

•  further  deviation  of  the  axis  under  the  Influence  of  M  will  not.  occur. 

— pl 

Thus  the  servodrive  has  arrested  the  rotation  of  the  platform  due  to  the  moment 

M  but  has  not  been  able  to  return  it  to  its  initial  position.  The  angle  • 

at*whlch  this  equilibrium  is  established  may  be  referred  to  as  the  static  error  of 

the  system.  If  the  moment  Ry  now  reverts  to  zero,  the  servodrive  will  turn  the 
— —  “—pi 

platform  to  its  initial  position  {••SO).  The  manner  in  which  this  occurs  is 
clear  from  the  preceding  arguments. 

If,  however,  we  use  a  servodrive  equipped  with  an  integral  control,  the 
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static  error  will  always  be  zero.  Fixed  orientation  of  the  platform  b,  both 

during  rotation  of  the  base  1  and  under  the  Influence  of  disturbance  momenta 

My  ,  aay  accordingly  be  ensured  by  the  use  of  a  rapid-response  servomechanism 
-pl 

having  adequate  capacity  and  a  suitable  control  function.  We  shall  consider  this 
problem  in  greater  detail  In  Chapter  III. 

Everything  which  we  have  said  with  reference  to  the  action  of  the  distur¬ 
bance  moment  upon  the  platform  applies  with  equal  force  to  the  Integrator 

-Pi 

in  Fig.  1.19#  where  the  clamp  1  plays  the  part  of  the  platform. 

Hils  mode  of  operation  of  the  system.  In  which  Its  function  Is  to  maintain 
the  platform  in  a  fixed  orientation  In  space,  will  be  referred  to  as  the  geometri¬ 
cal-stabilization  regime.  Similarly,  the  operation  of  the  Integrating  gyroscope 
In  this  regime  will  also  be  referred  to  as  Its  operation  in  the  geometrical - 
stabilization  regime. 

However,  the  system  under  consideration  not  only  enables  us  to  maintain  the 
platform  (the  axes  Xpl,  2^)  111  *  fixed  orientation  In  space,  hut  also  to  alter  It 
'  at  a  prescribed  velocity  and  by  a  prescribed  angle.  This  Is  accomplished  by 

;  supplying  a  current  j^.Qn  proportional  to  the  desired  rotational  velocity  of  the 

1 

platform  In  Inertial  space  about  the  Ypl  axis  to  the  torquer  7  (Fig.  1.18)  of  the 
Integrating  gyroscopj.  This  Is  actually  the  second  function  of  the  torquer  which 
we  referred  to  earlier.  The  torquer  applies  to  the  frame  of  the  gyroacope  a  mo¬ 
ment  proportional  to  the  current  I_„. 

— c  on 

Suppose  It  Is  required  that  the  platform  (the  Xp1#  and  Zpl  axes)  rotate 
about  the  axis  Ipl  at  a  certain  constant  angular  velocity  *•  .  This  necessitates 
delivery  c?  a  current  1^  to  the  torquer  7  (Fig.  1.18)  such  that  the  moment 
Mt  generated  by  the  torquer  as  a  result  will  he  equal  In  magnitude  but  opposite 
In  direction  to  the  gyroscopic  moment  which  arises  upon  rotation  of  t.he  gyroscope 
housing  with  a  constant  angular  velocity  «  about  Its  Input  axis  Let  us 
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assume  that  Just  such  a  current  J^.Qn  Is  supplied.  The  tcrquer  7  will  then  apply 
the  constant  moment  M  t  to  the  frame  of  the  gyroscope.  The  presence  of  this 
moment  Is  equivalent  In  Its  effect  on  the  gyroscope  to  rotation  of  the  gyroscope 
housing  with  a  constant  angular  velocity  **  t  *  ”  **  *  Under  the  Influence  of 
M  ,  the  gyroscope  frame  begins  to  rotate  and  the  spin  axis  z  Is  deflected 

w 

through  a  certain  angle  g  from  its  Initial  position  Sq.  A  voltage  UQut  will 
then  appear  at  the  output  of  the  potentiometer  9  (see  Fig.  1.18),  setting  the 
slave  motor  8  (see  Fig.  1.20)  of  the  servodrlve  into  operation.  The  latter  will 
begin  to  turn  the  platform  V  about  the  axis  in  such  a  way  as  to  return  the 
s  axis  to  Its  Initial  position.  To  do  this  the  servodrlve  must  rotate  the  plat¬ 
form  with  the  gyroscope  In  the  opposite  direction  to  the  angular  velocity  **  t  ' 

Let  m  denote  the  velocity  of  rotation  (adjustment).  Rotation  of  the  gyro- 
adj 

scope  housing  at  a  velocity  «  will  give  rise  to  a  gyroscopic  moment  r 

which  opposes  the  moment  Mt  .  When  the  velocity  »  adJ  attains  the  required 

value  w  ,  which  corresponds  to  the  control  current  1^^,  the  gyroscopic  moment 

r  will  be  equal  to  the  moment  M .  .  The  rotation  of  the  gyroscope  frame 

ceases  and  the  platform  with  the  gyroscope  and  the  and  axes  attached  to  it 

will  rotate  about  the  Y  ,  axis  with  the  required  angular  velocity  “  .  Here  the 

~ pi- 

angle  g  will  assume  a  value  determined  by  the  sensitivity  threshold  of  the  Inte¬ 
grating  gyroscope  and  servodrlve,  which  should  be  as  low  as  possible. 

The  above  statements  may  be  supported  by  the  following  relationships.  When 
the  gyroscope  housing  rotates  at  a  v-locl'.y  *»  the  gyroscopic  moment  is  equal  to 

r— Hm 

The  corrective  moment  la  proportional  to  the  current  I  ;  that  Is, 

“i  "xon 

H  =*. 1 . 

To  prevent  the  gyroscope  frame  ftrem  rotating  about  Its  own  axis,  we  must  bar# 
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or,  substituting  the  values  of  r  and  in  this  equality,  ve  obtain 

^  /(n. 


Fran  this  It  follows  that  If 


i.e..  If  a  current  I  proportional  to  the  desired  velocity  of  rotation  «*  of  the 
con 

platform  (the  Xp-| .  and  Z axes)  about  the  axis  Is  supplied  to  the  torquer, 
the  servodrlve  vlU  rotate  the  platform  at  this  velocity. 

Since  “  -  *  (  •  is  the  angle  of  rotation  of  the  platform  In  Inertial 

•pace),  th~  last  expression  may  be  rewritten  In  the  form 


«— *,+ 


H 


t  dt, 


i  where  •  c  Is  the  value  of  the  angle  •  at  the  Instant  t  =  0. 

This  mode  of  operation  of  the  uniaxial  stabilizer  will  be  termed  the  spa¬ 
tial-integration  regime.  This  designation  Is  based  on  the  following  considera¬ 
tions:  an  electrical  signal,  the  current  1^  ,  Is  supplied  to  the  system  Input; 

at  the  output  we  obtain  the  angle  of  rotation  ■  of  the  platform  In  inertial 
■pace,  which  Is  proportional  to  the  time  Integral  of  the  Input  signal.  It  should 
be  noted  that  this  mode  of  operation  of  the  stabilizer  corresponds 

exactly  to  the  operation  of  an  ordinary  electromechanical  Integrator  with  the  dif¬ 
ference  that  by  virtue  of  the  properties  of  the  gyroscope,  the  output  qiantity  of 
the  uniaxial  stabilizer  Is  the  angle  of  rotation  In  Inertial  space,  while  the  out- 

l _  ______  ..  .  _  __ 
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put  quantity  of  the  electromechanical  Integrator  la  the  angle  of  rotation  with 
respect  to  the  Instrument  housing. 

Any  change  In  the  current  I  Initiates  rotation  of  the  platform  with  the 

“xon 

gyroscope  (the  and  Z^  axes)  at  a  new  angular  velocity  corresponding  to  the 

new  value  of  the  current  I  .  The  character  of  this  transient  effect  Is  deter- 

“ con 

■Ined  by  the  dynamic  properties  of  the  system  as  a  whole.  In  the  unsteady  opera¬ 
ting  state,  the  output  signal  of  the  gyroscope,  l.e.,  the  voltage  UoUt>  1b  also  a 
function  of  the  angle  of  deflection  $  of  the  gyroscope  frame  from  its  Initial 
position,  which  angle  Is  determined  In  this  case  by  the  difference  between  the 
angular  velocity  which  corresponds  to  the  corrective  signal  and  the  actual  angu¬ 
lar  velocity,  and  also  by  the  acceleration. 

The  node  of  operation  of  the  Integrating  gyroscope  in  the  presence  of  a 
!  current  1,.^  will  he  designated  its  operation  In  the  spatial- Integration  regime. 

*»▼«  considered  the  use  of  the  integrating  gyroscope  and  servodrive  to 
fora  a  epatial  angular- velocity  integrator  (see  Mg.  1.19)  and  a  uniaxial  stablll- 
|  ser  (see  Fig.  1.20).  let  us  now  examine  the  means  by  which  stabilization  of  the 
|  platform  1  (Mg.  1.1 6)  In  inertial  space  with  respect  to  the  three  mutually  per¬ 
pendicular  axes  0(.{,  and,  consequently,  concrete  reproduction  of  these  axes, 

■ay  be  accomplished  by  the  use  of  three  integrating  gyroscopes  and  servodrlves. 

A  simplified  schematic  representation  of  such  a  trlaxial  stabilizer  Is 
given  In  Fig.  1.21.  The  housing  of  the  stabilizer  Is  positioned  In  the  object  In 
the  sans  way  as  In  the  Instance  shown  In  Fig.  1.16.  For  the  sake  of  clarity. 

Fig.  1.21  Illustrates  the  case  In  which  the  axes  QXYZ  connected  to  tne  object 
(or  with  the  stabilizer  housing)  coincide  with  the  axes  0  (•{  ,  vblch  are  con¬ 

nected  to  the  platform.  The  three  Integrating  gyroscopes  10,  17  and  18  (Fig.  1.21) 
are  mounted  on  the  platform  to  detect  Its  deflections  from  the  position  In  iner¬ 
tial  space  Imparted  to  It.  The  Input  (measurement)  axes  »  Z  ,  ,  and  jr  ^  of 
the  gyroscopes  are  directed  parallel  to  the  l  ,  •  ,  and  <  axes.  The  renminlng 
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two  axes  of  each  of  the  gyroscopes  are  keyed  by  the  same  subscripts  as  the 
measurement  axes.  The  axis  3  of  the  platform  1  to  be  stabilized  and  the  axes  of 
the  Inner  and  outer  gimbal  frames  (6  and  11)  are  equipped  with  servodrlves .  The 
servomechanism  amplifiers  are  not  shown  in  Fig.  1.21.  The  servodrlve  of  the  axis 
3  of  the  platform  .1  Is  controlled  exclusively  by  the  gyroscope  18.  In  combination 
with  the  servodrlve  which  It  controls,  this  gyroscope  stabilizes  the  platform  In 
inertial  space  with  respect  to  the  f  axis.  The  stabilization  process  takes  place 
in  the  manner  outlined  In  the  discussion  of  the  operation  of  the  uniaxial  stabil¬ 
izer  shown  in  Fig.  1.20.  Stabilization  of  the  platform  1  In  Inertial  space  with 
reference  to  the  £  and  7  axes  is  accomplished  In  a  similar  manner  by  means  of 
the  gyroscopes  10  and  17  and  the  servodrlves  of  the  inner  and  outer  gimbal  frames, 
i.e.,  these  gyroscopes  and  servodrlves  maintain  the  platform  in  the  plane  £  «l  . 

To  effect  this  stabilization  it  Is  necessary  that  each  of  the  gyroscopes  10  and 
17  be  capable  of  controlling  both  the  inner-frame  servodrlve  and  the  outer-frame 
servodrlve.  Let  us  illustrate  this  with  examples.  Suppose  that  *  •  *  »  7  .  0, 
as  Indicated  in  Fig.  1.21;  the  axis  of  the  Inner  frame  coincides  with  the  £ 
axis,  and  the  axis  of  the  outer  frame  with  the  n  axis.  The  input  (wasurement) 
axes  and  of  the  gyroscopes  10  and  17  are  therefore  respectively  parallel 
to  the  Zx  and  X  axes  of  the  inner  and  outer  gimbal  frames.  Accordingly,  only  the 
Inner-frame  servodrlve  should  operate  upon  deflection  of  the  platform  about  the 
axis,  which  is  sensed  by  the  gyroscope  10,  and  only  the  outer-frame  servodrlve 
should  respond  to  deflection  of  the  platform  about  the  axis,  which  is  sensed 
by  the  gyroscope  17.  Thus  in  the  given  case  (*  =  <5  «=  7  «0)  the  gyroscope  10 
controls  the  oervodrive  of  the  inner  frame,  while  the  gyroscope  17  controls  the 
outer-frame  servodrlve . 

Now  let  us  turn  the  stabilizer  housing  through  an  angle  f  -  90°  about  the 
f  axis  (Fig.  1.22).  Now  the  measurement  axis  of  the  gyroscope  10  will  be 
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rig.  l  •  21-  Simplified  schematic  representation  of  trlaxlal  stabill- 
zer. 

1)  Platform  to  be  trlaxially  stabilized;  2)  Indicator  for  angle 
4  1  3)  axis  of  platform;  4)  reduction  gear  of  platform  servo- 

drlre;  5)  slave  motor  of  platform  servodrlve;  6)  Inner  giinbal 
frame;  7)  reduction  gear  of  inner-frame  servodrlve;  6)  Indi¬ 
cator  far  angle  *  ;  9)  slave  motor  of  Inner- frame  servo-  • 
drive;  10)  Integrating  gyroscope  sensitive  to  angular  velo¬ 
city  of  platform  about  l  axis;  11)  outer  glmbal  frame; 

12)  slave  motor  of  outer-frame  servodrlve;  13)  reduction 
gear  of  outer-frame  servodrlve;  14)  flange;  15)  stabilizer 
housing;  16)  Indicator  for  angle  r  ;  17)  integrating  gyro¬ 
scope  sensitive  to  angular  velocity  of  platform  about  ■ 
axis;  18)  Integrating  gyroscope  sensitive  to  angular  velo¬ 
city  of  platform  about  {  axis. 


parallel  not  to  the  axis  of  rotation  of  the  inner  frame,  as  It  vns  at  4-0, 
hut  to  the  X  axis  of  rotation  of  the  outer  frame;  the  measurement  axis  £  of  the 
gyroscope  17  will  become  parallel  to  the  Zx  axis  of  rotation  of  the  inner  frame. 
Thus  vlth  4  -  90°,  the  gyroscope  10  must  control  the  outer-frame  servodrlve, 
vhile  the  gyroscope  17  must  control  the  Inner-frame  servodrlve. 
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Jig.  1.22.  Politico  of  elements  of  stabilizer  shown  In  Fig.  1.21 
after  rotation  of  housing  through  an  angle  4  *  90° 
about  the  {  axis.  Key  same  as  for  Fig.  1.21. 

**  4  Op  90,  1B0,  ar  270°,  the  measurement  axes  ^  and  ^  vill  not 
generally  coincide  with  the  axes  of  rotation  of  the  g label  frames.  In  this  case, 
the  serrodrlwes  of  the  inner  and  outer  frames  should  function  simultaneously  upon 
deflection  of  the  platform  about  the  axis  {  or  upon  rotation  of  the  object  about 
this  aacis.  niey  must  be  controlled  by  the  gyroscope  ID,  since  It  senses  rotations 
about  the  (  axis.  Similarly,  both  serrodrlves  function  upon  rotations  about  the 
axis  •  ,  but  they  must  be  controlled  by  the  gyroscope  17.  Finally,  when  rota¬ 
tions  occur  simultaneously  about  the  l  and  a  axes,  both  gyroscopes,  10  and  17, 
contribute  simultaneously  to  control  of  the  Inner-  and  outer-frame  servodrlves. 

Ibua  the  stab  Hirer  must  be  equipped  with  a  derice  which  will  distribute 
the  output  roltages  of  the  gyroscopes  10  and  17  appropriately  between  the  ampli¬ 
fiers  of  the  lnner-and  outer-frame  servodrlyes.  Such  a  derice  is  referred  to  as 
*  coordinate  transformer.  It  Is  Installed  on  the  axis  3  of  the  plAtfarm  1  (Fig. 
1.21).  Since  the  coordinate  transformer  Is  there  to  distribute  the  gyroscope  out¬ 
put  roltages  according  to  the  size  of  the  angle  4  ,  one  of  Its  elements  is  fixed 
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to  the  plat  fora  and  the  other  to  the  Inner  gimbal  frame.  The  coordlreite  trans¬ 
former  la  not  shown  In  Fig.  1.21,  since  Its  treatment  is  beyond  the  scope  of 
the  present  volume. 

Thus  if  the  required  orientation  In  Inertial  space  is  imparted  to  the  plat¬ 
form  1,  car ,  in  other  words,  to  the  axes  0(.  (  (Fig.  1.21),  and  the  stabilirer 
set  in  operation,  the  platform  will  maintain  the  orientation  imparted  to  it  re¬ 
gardless  of  the  motion  of  the  object.  The  angles  of  rotation  4,0,  and  T  of 
the  object  about  the  {  ,  and  X  axes  will  be  indicated  by  the  visual  indica¬ 
tors  2,  8,  and  16.  To  obtain  electrical  signals  proportional  to  the  angles  4  , 

•  ,  and  T  ,  it  is  necessary  to  replace  the  indicators  with  suitable  data- 

transmitting  devices  which  transform  angular  displacements  into  electrical  signals, 
In  this  case  only  the  J^^-current  necessary  to  suppress  the  Bysteaatic 
disturbance  moments  of  the  gyroscope  is  supplied  to  the  gyroscope  torquer. 

I  low  suppose  it  is  required  that  the  axes  0  <  a  {  rotate  in  inertial  space  in 

!  a  certain  manner,  for  example,  that  they  be  oriented  with  respect  to  the  earth  in 
^  the  manner  indicated  in  Fig.  1.13.  For  this  it  is  necessary  that  the  projections 
Of  the  instantaneous  angular  velocities  of  the  platform  1  (of  the  axes  0  (  ■  <  of 
^8*  1.2iy  in  inertial  space  onto  the  {  ,  ■  ,  and  (  axes  be  equal  to  the  velo¬ 
cities  u  ^  ,  u  ^  ,  and  u  as  determined  by  Equalities  (1.13). 

It  was  indicated  earlier  (in  discussion  of  the  operation  of  the  uniaxial 
shown  in  Fig.  1.20)  that  in  order  to  set  the  platform  rotating  in 
Inertial  space  at  a  specified  singular  velocity  about  the  input  axis,  it  is  neces¬ 
sary  to  supply  a  current  1^  proportional  to  this  velocity  to  the  torquer.  In 
our  cas*#  it  is  necessary  to  set  the  platform  into  simultaneous  rotation  about 

three  axes.  To  accomplish  this,  therefore,  we  must  supply  currents  I  reape c- 

— con 

tirely  proportional  to  the  velocities  u  ,  u  ,  and  u  '  to  the  torquers  of 
the  gyroscopes  10,  17,  and  18. 
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In  this  way  the  trloxlal  stabilizer  under  discussion  enables  us  to  repro¬ 
duce  the  axes  0  £  *}  f  In  concrete  fora,  either  with  fixed  orientations  In  Inertial 
space  or  with  a  specified  orientation  relative  to  the  earth,  or  rotating  In  Iner¬ 
tial  space  In  some  other  manner.  In  all  cases,  the  angles  j(-  ,  t5-  ,  and  y  are 
measured  directly  end  without  distortion. 

Provided  that  floating  Integrating  gyroscopes  are  used  In  their  construc¬ 
tion,  the  devices  discussed  here,  the  spatial  Integrator  and  the  stabilizer,  can 
ensure  the  high  preclsior.  required  In  modern  self-contained  navigational  systems, 
and  particularly  in  those  of  the  inertial  type.  Ordinary  Integrating  gyroscopes 
are  unable  to  provide  this  degree  of  precision,  due  largely  to  the  presence  of 
considerable  .and  variable  frictional  moments  which  arise  In  the  gyroscope's  frame 
bearings. 

Ifce  above  treatment  of  the  problem  in  which  the  platform  la  stabilized  with 
respect  to  one  and  three  axes  with  the  aid  of  Integrating  gyroscopes  and  servo- 
drives  Is  not,  of  course,  exhaustive.  It  has  only  been  dealt  with  to  the  extent 
necessary  to  explain  the  application  of  the  integrating  gyroscope  for  this  purpose. 
Hie  characteristic  feature  of  this  method  Is  that  here  the  gyroscopes  do  not  exer¬ 
cise  any  direct  stabilizing  Influence  on  the  ;latfon.,  but  are  used  only  as  sensing 
elements.  Hiis  fact.  In  particular,  differentiates  the  given  method  from  the  irethod, 
widespread  at  present,  of  direct  gyroscopic  stabilization,  investigated  both 
theoretically  and  in  practice  by  B.  V.  Bulgakov,  ya.  N.  Roytenberg,  and  others. 
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CHAPTER  II 


DESIGN  AND  BASIC  PARAMETERS  OF  FLOATING  GYROSCOPES 


The  Integrating  and  differentiating  gyroscopes  designed  for  use  in  modem 
automatic  flight-control  systems,  especially  in  self-contained  inertial-navigation 
systems,  for  the  gyros  t  ah  i  11  z  at  ion  of  radar  pathfinding  apparatus,  and  for  a 
variety  of  other  automatic  devices  should  be  characterized  by  high  parameter 
stability,  low  sensitivity  thresholds,  high  precision,  and  great  strength  and 
stability  with  respect  to  vibration  and  shock.  These  requirements  are  not,  as 
a  rule,  adequately  met  by  the  conventional  integrating  and  differentiating  gyro¬ 
scopes,  the  basic  designs  of  which  are  shown  in  Figs.  1.18  and  1.17-  The  funda¬ 
mental  reasons  for  the  failure  of  such  gyroscopes  to  meet  the  above  specifications 
are  as  follows:  the  significant  and  variable  frictional  moments  which  arise  in 
the  frame  bearings  of  the  gyroscope  and  between  the  reciprocating  elements  of  the 
damper;  insufficient  strength  and  stability  under  vibration  and  shock;  and  the 

difficulties  encountered  in  ensuring  the  required  damping.  Thus  the  development 

* 

of  gyroscope  designs  having  great  strength  and  stability,  negligibly  small  fric¬ 
tional  moments  in  the  gyroscope-frame  supports,  and  dampers  free  from  dry  friction 
has  been  a  problem  whose  successful  solution  has  made  it  possible  to  use  integra¬ 
ting  and  differentiating  gyroscopes  to  advantage  in  modern  precision  systems. 

The  problem  of  reducing  friction  in  the  bearings  of  gyroscope  suspensions 
ie  not  a  new  one.  The  problem  arose  in  connection  with  the  first  gyroscopic 
device,  which  was  constructed  in  1852  by  L.  Foucault  to  demonstrate  the  diurnal 
rotation  of  the  earth.  The  practical  realization  of  the  marine  gyroscopic  compass 
depended  in  many  respects  on  finding  a  successful  solution  to  this  problem.  A 
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highly  successful  and  effective  solution  was  proposed  In  1908  by  Dr.  Anschutz  In 
his  marine  gyrocompass.  This  method  consisted  In  mounting  a  shell  containing  the 
gyrovheel  on  a  float  which  rode  in  a  bowl  filled  with  a  heavy  liquid — mercury.  A 
pin  attached  to  the  bowl  served  to  center  the  flouting  system. 

The  practice  of  harnessing  the  buoyancy  of  a  liquid  to  relieve  supports  of 
their  loads  has  been  widely  adopted,  and  not  only  for  gyroscopic  devices.  For 
example,  to  reduce  friction  In  the  compass-card  supports  of  modem  marine  and 
aviation  magnetic  compasses,  the  card  is  Installed  in  a  liquid-filled  bowl.  The 
buoyant  forces  r  f  the  liquid,  actirg  in  a  direction  opposed  to  those  of  the  card's 
weight,  relieves  its  support  almost  completely,  leaving  only  the  small  pendulum 
effect  necessary  for  normal  operation  of  the  compass. 

In  floating  gyroscopes --the  most  recent  and  most  promising  variant  of  the 
integrating  and  differentiating  gyroscopes--reductlon  of  frictional  moments  Is  also 
accomplished  by  exploitation  of  the  buoyancy  of  a  liquid.  The  liquid  serves  simul¬ 
taneously  to  provide  the  necessary  damping  and  the  high  vibration-  and  shock- 
resistance  and  stability  characteristic  of  these  devices. 

Hie  concept  of  the  floating  gyroscope  with  two  degrees  of  freedom  was  first 
put  forward  in  the  Soviet  Union  by  Engineer  L.  I.  TTcachev,  under  whose  guidance  the 
first  design  for  a  floating  integrating  gyroscope  was  worked  out  at  the  Moscow 
Institute  of  Power  Engineering  (Moskovskiy  Energeticheskiy  Institut)  in  191*5  •  On 
the  basis  of  an  applir-tirn  dated  January  29,  19^9,  I*  Tkachev  was  awarded 
Author's  Certificate  No.  1131*46  for  the  floating  gyroscope,  which  was  designated 
"A  Sensitive  Element  for  Precision  Gyroscopic  Devices  used  in  Spatial  Orientation 
of  Flying  Craft.” 

The  design  of  the  MIPE  floating  gyroscope  is  presented  in  Fig.  2.1.  The  gyro- 
motor  12  is  enclosed  in  the  cylindrical  shell  3  which,  together  with  the  head  as¬ 
semblies,  forms  a  hermetic  float.  The  float  containing  the  gyromotor  is  installed 
in  the  instrument  housing  on  *he  suspension  axes  18  (diam.  *=  0.6  mm),  which  are  held 
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Fig.  2.1.  MIFE  Floating  gyroscope  (1945): 

1)  gyromotor  current-supply  lead;  2)  outer  cylinder;  3)  Inner  cylinder 
(float);  4)  Inductive  pickup;  5)  rear  vail;  6)  textolite  plate;  7)  axial 
tension  member;  8)  balancer  disc;  9)  rear  cap;  10)  corrector  coll;  11) 
permanent  magnet  of  corrector;  12)  gyromotor;  13)  front  vail;  14)  plates 
carrying  disc  bearings;  15)  disc;  l6)  current-supply  bands;  17)  axial 
spring;  18)  suspension  axis;  19)  front  cap. 
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under  tension  by  the  axial  spring  17»  The  suspension  axes  bear  against  the  discs 
15/  which  are  mounted  In  turn  In  Jewelled  bearings  carried  In  the  plates  It.  The 
entire  free  Inner  volume  of  the  Instrument  housing  Is  filled  with  a  heavy  liquid. 
The  volume  of  the  float  and  the  specific  gravity  of  the  liquid  are  adjusted  In  such 
a  way  that  the  buoyancy  of  the  liquid  Is  equal  tc  the  weight  of  the  floating  gyro- 
assembly.  The  current  leads  to  the  float  are  formed  by  the  silver  bands  16.  Pure 
liquid  damping  produced  by  friction  between  the  float  3  and  the  film  of  liquid 
between  It  and  the  inner  surface  of  the  cylinder  2,  Is  used  exclusively  in  this 
device.  The  Inductive  pickup  4  functions  as  an  output-signal  detector.  The 
corrector  consists  of  the  permanent  magnet  11  and  the  coil  10.  This  first  model  of 
the  instrument  possessed  the  following  characteristics:  kinetic  moment  55,000 
gf-cm-sec;  frictional  moment  In  the  supports  of  the  floating  gyroassemfcly  ****  0.001 
gf-cm;  error,  of  the  order  of  0.05  /hr.  The  device  was  designed  for  use  with  a 
ser\odrive. 

Work  toward  the  realization  of  floating  gyroscopes  was  first  Initiated  abroad 
In  1946  by  C.  S.  Draper  in  the  laboratory  which  he  supervised  at  the  Massachusetts 
Institute  of  Technology  (USA).  A  number  of  experimental  models  were  built  and 
studied  under  his  direction  under  a  contract  with  the  US  Amy  Air  Corps.  In  1948, 
working  on  the  basis  of  data  furnished  by  MIT,  the  Mlnneapolis-Honeyvell  firm 
developed  several  variants  of  the  floating  gyroscope  which  were  put  into  batch 
production;  this  began  In  1951.  By  the  beginning  of  1957  approximately  21,000 
floating  gyroscopes  had  been  produced. 

The  floating  gyroscopcc  made  by  MIT,  the  Mlnneapolis-Honeyvell  Company  and 
several  other  firms  will  be  examined  in  the  fallowing  paragraphs. 


Section  1.  Integrating  Gyroscopes 

The  general  design  features  of  the  floating  Integrating  gyroscopes  are  as 
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follova:  the  frame  carrying  the  gyrovheel  ia  lna tailed  within  a  hermetic  cylindri¬ 
cal  a hell,  and  turn.  In  bearings  located  in  the  instrument  housing.  The  housing 
ia  alao  cylindrical  in  fora  and  completely  filled  with  a  heavy  liquid  (a  fluoro- 
organic  compound).  Thua  the  gyroassembly  behavea  as  a  float  immersed  in  a  liquid, 
which  also  explains  the  tera  "floating"  applied  to  gyroscopes  of  this  type.  The 
volume  of  the  shell  and  the  specific  gravity  of  the  liquid  are  chosen  ao  that  the 
buoyant  force,  of  the  liquid  will  be  equal  to  the  weight  of  the  gyroaasembly  and 
relieve  its  bearings  of  practically  their  entire  load,  thus  reducing  the  frictional 
moment  which  arises- in  them  to  a  negligibly  small  value.  It  is  necessary  to  ensure 
correct  centering  of  the  gyroassembly  with  respect  to  the  instrument  housing,  and 
the  center  of  gravity  of  the  gyroassembly  and  its  center  of  pressure  must  coincide 
at  all  times;  an  attempt  ahould  be  made  to  locate  the  point  of  coincidence  in  the 
mxis  of  rotation  of  the  gyroassembly.  The  damping  moment  is  provided  by  friction 
of  the  cylindrical  surface  of  the  gyroassembly  shell  against  the  thin  film  of 
Tiacoua  liquid  in  the  narrow  gap  between  the  clindrical  surfaces  of  the  gyroasaem- 
bly  shell  and  the  instrument  housing.  Dry  friction  is  completely  eliminated  by 
thi.  damping  principle.  Since  disturbing  forces  of  all  kinds  are  generally  trans¬ 
mitted  from  the  instrument  housing  to  the  gyroaasembly  through  the  viscous  liquid 
and  not  through  the  bearings,  the  floating  gyroscope  possesses,  in  addition  to 
negligibly  small  friction  in  the  gyros cope -frame  supports,  great  stability  against 
•hock  and  vibration  which,  far  from  damaging  it  during  operation,  do  not  even  cause 
any  noticeable  deterioration  in  the  quality  of  its  perforaance. 

The  design  of  a  floating  Integrating  gyroscope  developed,  constructed,  and 
tested  in  the  instrument  laboratory  of  the  Maas  achusetta  Institute  of  Technology 
ia  presented  in  fig.  2.2.  The  mechanical  construction  of  this  instrument  is 
similar  to  that  shown  In  Fig.  1.18,  and  consists  of  the  same  components  as  those 
required  for  operation  of  an  integrating  gyroscope.  The  x,  z,  and  zQ  axes  of 
Fig.  2.2  have  the  same  significance  as  in  Fig.  1.18.  The  rotor  3  of  the  gyroscope 
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1b  carried  In  the  frame  9»  The  frame  vlth  the  rotor  ani  gyromotor  stator  12  axe 
enclosed  In  a  hermetic,  perfectly  cylindrical  ahell  7  to  form  a  unit  to  which  we 
■hall  refer  henceforth  aa  the  floating  gyroassembly.  The  latter  la  mounted  in  the 
bearings  k,  which  are  located  In  the  hermetic  housing  1  of  the  Instrument  in  a 
manner  which  permits  It  to  rotate  about  the  x-axls  with  respect  to  the  housing. 
Along  the  section  AB,  which  covers  the  floating  gyroassembly,  the  housing  1  Is 


Tig.  2.2.  Simplified  drawing  showing  dealgn  of  floating  integrating  gyroscope: 

1)  housing;  2)  balancer  nuts;  3)  yokes;  k)  gyroscope  frame  supports;  5)  stator 
of  microsyn  output -signal  detector  (plckoff);  6)  rotor  of  mlcrosyn  output- 
signal  detector;  7)  ahell;  8)  gyroscope  rotor;  9)  yoke  (gyroscope  frame); 

10)  rotor  of  microsyn  corrector  (torquer);  11)  stator  of  mlcrosyn  corrector; 

12)  gyromotor  atator. 

♦ 

perfectly  cylindrical  In  fora.  There  Is  a  small  uniform  gap  (of  the  order  of  0.2 
mm)  In  this  section  between  the  surface  of  the  floating  gyroassembly  shell  and  the 
lnnxr  surface  of  the  Instrument  housing.  The  entire  unocrupied  space  Inside  the 
Instrument  housing  is  filled  with  a  liquid  having  a  high  specific  gravity.  This 
liquid  serves  to  relieve  the  bearings  of  the  floating  gyroassembly,  protect  them 
from  shock  and  vibration,  and  generate  a  damping  moment.  The  outer  surface  of  the 
ahell  7  (in  the  section  AB),  the  Inner  surface  of  the  housing  1,  anl  the  liquid  in 
the  gap  between  them  perform  the  functions  of  a  damper.  Toe  liquid  and  the  clear¬ 
ance  between  the  floating  gyroassembly  shell  anl  the  Instrument  housing  are  chosen 
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bo  that  the  damping  moment  will  be  strictly  proportional  to  the  velocity  of  rota¬ 
tion  of  the  floating  gyrcasser.bly,  l.e.,  so  that  there  will  be  friction  proportion¬ 
al  to  the  first  power  of  this  velocity,  at  all  operationally  possible  velocities  of 
rotation  of  the  floating  gyroassembly  with  respect  to  the  Instrument  housing.  Under 
operational  conditions,  the  entire  instrument  is  placed  In  a  chamber  In  which  the 
temperature  is  automatically  maintained  constant.  Automatic  regulation  of  temper¬ 
ature  is  necessary  for  the  following  reasons: 

1)  the  specific  gravity  of  the  filler  liquid  is  determined  by  temperature. 

By  suitable  adjustment  of  the  temperature,  the  specific  gravity  of  the  liquid  con 
be  made  approximately  equal  to  the  mean  specific  gravity  of  the  floating  gyro- 
assembly.  When  this  condition  is  met,  the  effective  load  on  tt.j  bearings  of  the 
gyroassembly  can  be  reduced  to  a  very  small  value.  Maintenance  of  the  liquid  at 
the  proper  specific  gravity  is  the  chief  purpose  of  temperature  regulation; 

2)  temperature  determines  the  viscosity  of  the  liquid  and  the  value  of  the 
specific  damping  moment.  But  since  floating  integrating  gyroscopes  are  employed  in 
practice  in  conjunction  with  servoirives,  variation  in  the  specific  damping  moment, 
as  a  rule,  only  affects  the  dynamic  characteristics  of  the  system; 

’3)  a  change  in  the  temperature  of  the  liquid  produces  changes  in  the  posi¬ 
tions  of  the  center  of  gravity  of  the  floating  gyroassembly  and  the  center  of 
pressure  with  respect  to  its  axis  of  rotation,  which  may  lead  to  increased  imbal¬ 
ance  of  the  floating  gyroassembly  and  the  action  of  transfer  accelerations  on  the 
instrument. 

It  should  be  noted  that,  as  a  rule,  the  problem  of  the  regulation  of  tempera¬ 
ture  and  specific  gravity  is  always  more  complicated  than  elimination  of  the  dif¬ 
ficulties  which  arise  as  a  result  of  variation  in  viscosity. 

Hie  virtually  complete  relief  of  the  bearings  permits  the  use  of  Jewelled 
Instead  of  ball  bearings  and  reduction  of  the  frictional  moment  to  a  negligibly 
small  and  stable  value,  and  also  enables  the  position  of  the  x  axis  with 
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respect  to  the  instrument  housing  to  remain  Invariable  for  practical  purposes.  Im¬ 
mersion  of  the  gyroassembly  In  liquid  ensures  great  strength  and  stability  In  with¬ 
standing  shock  and  vibration  without  damage,  and  prevents  almost  all  disturbance  of 
Its  characteristics  at  moments  when  disturbing  forces  act  upon  It.  It  Is  possible 
to  obtain  very  high  performance  levels  In  a  floating  Integrating  gyroscope  over  a 
wide  range  of  Input  angular  velocities  by  appropriate  selection  of  the  design  of 
the  floating  gyroassembly,  the  Instrument  housing  and  the  liquid. 

The  floating  gyroassembly  Is  carefully  balanced  to  bring  Its  center  of  gravity 
Into  coincidence  with  the  center  of  pressure  and  reduce  its  buoyancy  to  zero.  Thus 
a  floating  gyroassembly  immersed  ir.  liquid  of  the  required  specific  gravity  and 
warmed  to  operating  temperature  should  possess  zero  buoyancy,  be  free  of  x-axls 
trim,  and  be  in  equilibrium  with  respect  to  this  axis.  The  elimination  of  trim 
and  reduction  of  buoyancy  to  zero  are  most  efficiently  accomplished  by  means  of 
weights  attached  to  the  x  axis  at  either  end  of  the  floating  gyroassembly  (these 
weights  are  not  indicated  in  Fig.  2-2).  Equilibrium  relative  to  the  x  axis  Is 
established  by  means  of  the  four  nuts  2,  which  are  screwed  onto  four  mutually  per¬ 
pendicular  threaded  rods  attached  to  the  shaft  or  the  floating  gyro  as  sen*  y.  One 
pair  of  rods  is  directed  parallel  to  the  spin  axis  z,  and  the  other  perpendicular 
to  it.  Only  two  of  the  rod-and-nut  devices  appear  In  Fig.  2.2;  the  other  pair  is 
omitted  from  the  illustration.  The  floating  gyroassembly  Is  balanced  prior  to 
Installation  In  the  Instrument  housing.  The  fina.'  balancing  operation  about  the 
x  axis  is  carried  out  with  the  instrument  completely  assembled,  i.e.,  after  Its 
housing  has  been  filled  with  liquid  and  hermetically  sealed.  This  should  be  done 
under  the  operating  conditions  of  the  Instrument.  Ibis  balancing  operation  Is 
accomplished  by  adjusting  the  same  nuts  2.  The  nuts  are  turned  by  means  of  the 
yokes  3  which  grip  them  across  their  flats.  The  yoke  heads  extend  hermetically 
out  through  the  housing  land  are  provided  with  screwdriver  slots. 

The  final  balancing  about  the  x  axis  makes  it  possible  to  reduce  the 
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■yitematic  disturbing  moments  which  act  on  the  floating  gyroesaeably  about  this 
axla  to  a  alnimua.  It  was  noted  above  that  the  entire  device  la  Installed  in  a 
chanter  provided  with  autoaatic  teaperature  regulation.  The  need  for  automatic 
maintenance  of  a  constant  terpemture  will  becoae  clear  vhen  it  la  remembered  that 


the  gyromotor  enclosed  In  the  shell  continually  generates  heat  in  significant 
quantities  while  the  conditions  for  loss  of  heat  to  the  surrounding  space  may  vary 
considerably.  Without  positive  automatic  teaperature  regulation,  therefore,  the 

floating  integrating  gyroscope  could  not 


Fig.  2.3.  External  view  of  microayn: 

1)  laminated  atator;  2)  rotor;  3)  stator 
shaft]  4)  wound  spools  mounted  on  stator 
poles]  5)  effective  air  gap. 


generally  operate  with  the  very  high  pre¬ 
cision  required  of  it.  The  time  required 
to  bring  the  instrument  to  the  proper 
operating  state  is  determined  by  the  time 
needed  to  establish  the  necessary  stable 
temperature  regime.  In  designing  a 
floating  integrating  gyroscope,  there¬ 
fore,  careful  attention  should  be  devoted 
to  those  of  its  parameters  which  charac- 
Devicea  known  as  mlcroavns  are  used 


terlze  it  aa  an  object  of  temperature  control. 


in  the  present  instrument  (see  Fig.  2.2)  as  the  output-signal  detector  (pickoff) 


and  the  corrector  (torquer).  Their  rotors  10  (pickoff)  and  6  (torquer)  are  rigidly 
fitted  to  the  axle  of  the  floating  gyrosssembly,  while  the  corresponding  stators 


11  and  5  are  attached  to  the  instrument  housing.  The  two  rotors  are  Identical. 
The  laminated  stator  blocks  are  also  Identical.  The  microayn  la  shown  separately 


in  Fig.  2.3. 

Let  us  consider.  In  general  terms,  the  operating  principle  and  design  of  the 
mlcroeyns . 

The  design  of  the  microayn  pickoff  and  the  microsyn  torquer  is  Identical]  the 
difference  between  them  consists  solely  in  the  purposes  for  which  they  are  used. 
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The  microsyn  pickoff  operates  on  alternating  current  only,  vhlle  the  microsyn 
torquer  vorka  on  both  alternating  and  direct  current.  The  stator  1  of  the  mlcro- 
ayn  (Fig.  2.4)  takej  the  fora  of  a  symmetrical,  four-pole  magnetic  circuit  and  Is 
hullt  up  from  Individual  laminae  of  a  ferromagnetic  material  characterized  by  the 
smallest  possible  hysteresis.  The  rotor  2  la  a  two-pole  design  with  90°  pole  arcs, 
and  is  also  composed  of  separate  laminae  of  a  ferromagnetic  material  with  minimal 

hysteresis.  Each  pole  of  the  Btator  car¬ 
ries  a  primary  and  a  secondary  coll.  The 
primary  colls  are  series-connected  in  the 
manner  shown  In  Fig.  2.5,  and  form  the 
excitation  winding,  which,  when  supplied 
with  an  excitation  current  of  voltage 
U^,  magnetizes  the  stator  pole  as  indi¬ 
cated  In  Fig.  2.4.  If  the  excitation  cur¬ 
rent  is  a  direct  current,  which  it  may  be 
in  the  case  of  the  microsyn  torquer,  the 
indicated  polarity  will  remain  unchanged. 
If,  however,  an  alternating  current  la 
supplied  to  the  excitation  winding,  the 
polarity  of  the  poles  will  alternate  with  the  frequency  of  the  alternating  current. 
The  secondary  coils  are  also  series-connected  and  form  the  secondary  winding  (Fig. 
2.5) •  The  coila  on  opposed  (unlike)  poleB  are  connected  accordingly  (coils 
and  S3J  Sg  and  8^) .  The  two  pairs  of  coils  produced  in  this  way  are  countercon- 
nected  (Fig.  2.5b).  Thus  the  coils  and  are  connected  with  the  coils  §2  and 
8^  in  such  a  way  that  their  phases  are  opposed. 

In  the  starting  position,  each  pole  of  the  rotor  overlaps  half  of  each  of 
two  unlike  poles  of  the  stator  (Fig.  2.4).  The  effective  angle  of  rotation  of 
the  rotor  is  usually  small.  Thus  the  total  overlap  of  like  poles  of  the  stator 


Fig.  2.4.  Schematic  representation  of 
microayn: 

1)  rotor;  2)  atatorj  P^,  P.,<  P^) 

colls  of  primary  windings;  S^,  §27  S3, 
8^)  coila  of  secondary  winding. 
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by  the  rotor  remains  the  same. 


Let  ua  examine  the  operation  of  a 
mlcroayn  as  an  output-signal  detector. 

In  this  case  It  functions  as  an  Inductive 
plckoff  acting  on  the  principle  of  the 
differential  transformer.  The  Job  of  the 
mlcroayr  plckoff  Is  to  deliver  at  Its 
secondary-winding  output  a  voltage  Uout 
proportional  to  the  angle  of  deflection 
fi of  the  rotor  from  Its  original  posi¬ 
tion  (d»  0),  which  corresponds  to  the 

relative  positions  of  primary  and  second-  zero  value  of  UQut .  The  phase  of  this 
ary  windings;  g)  directions  of  currents 

induced  in  secondary  coils  S^,  §2,  voltage  Is  determined  by  the  direction 

and  in  one  half -period. 

in  which  the  rotor  is  delfected.  With 
|  the  rotor  In  its  starting  position,  the  flux  created  by  the  coils  of  the  primary 

I 

winding  induce  an  Identical  emf  in  each  pair  of  opposed  secondary-winding  colls, 

I 

|  due  to  the  perfect  symmetry  of  the  system  in  this  position  (See  Fig.  2.4).  Since 
j  the  coils  Sj.  and  Sj  are  phase-opposed  to  the  coils  ^  and  (Fig.  2.5b  and  c),  the 
resulting  voltage  at  the  secondary-winding  output  will  be  zero  in  the  case 

under%xamlna 1 1  on .  For  the  sake  of  clarity,  the  directions  of  the  currents  in 
the  secondary-winding  coils  during  one  half -period  are  Indicated  by  arrows  in  Fig. 
2.5s*  If  the  rotor  Ip  now  deflected  from  its  original  position  through  a  certain 
angle,  let  ua  say  in  a  counterclockwise  direction,  the  amount  by  which  It  overlaps 
the  poles  2  and  4  will  increase,  while  the  overlap  of  poles  1  and  3  will  decrease 
(see  Fig.  2.4).  This  will  result  in  redistribution  of  the  flux  created  by  the 
primary -winding  coils,  so  that  the  emf's  and  Eg^  induced  in  the  coils  S2  and 
8^  become  larger  and  the  emf's  Eg  and  Eg^  induced  in  the  coils  and  smaller 
by  comparison  with  the  values  for  the  original  position.  A  voltage  Uout  having 


■Sr,  J 

*  rJ  S-j.  -  -  j..  4  a 
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Fig.  2.5*  Diagram  of  mlcroayn  windings: 
a)  disposition  of  windings  in  stator;  b) 
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the  phase  of  the  emf  Induced  In  the  coils  and  (see  Fig.  2.5c)  vill  therefore 
appear  at  the-  secondary-winding  output.  The  amplitude  of  this  voltage  will  be 
proportional  to  the  angle  of  deflection  fi  of  the  rotor  from  its  starting  position. 

Upon  deflection  of  the  rotor  from  its  starting  position  through  an  identical 
but  oppositely-directed  angle,  the  phase  of  the  voltage  will  be  reversed,  but 

its  amplitude  will  remain  the  same. 

We  have  stated  that  U  will  be  proportional  to  the  angle  of  rotation  fi  of 

■*OU  w 

the  rotor  with  respect  to  the  stator.  This  will  apply,  however,  only  in  cases 
where  the  total  flux  created  upon  rotation  of  the  rotor  by  the  primary  coils  re¬ 
mains  constant,  and  its  redistribution  among  the  poles  of  the  stator,  which  serve 
as  the  cores  of  the  coils,  proceeds  in  strict  proportion  to  the  angle  of  rotation 
of  the  rotor  from  its  center  position.  The  extent  to  which  this  requirement  is 
fulfilled  will  depend  on  the  precision  with  which  the  geometrical  shape  and 
dimensions  of  the  rotor  and  stator  are  maintained,  the  precision  with  which  the 
proper  air  gap  is  maintained  between  the  poles  of  the  rotor  and  stator,  the 
degree  of  uniformity  achieved  in  the  magnetic  properties  of  the  lcjninated  rotor 
and  stator  blocks,  and  the  precision  with  which  the  windings  are  fabricated.  It 
is  perfectly  obvious  that  the  larger  the  effective  angle  of  rotation  of  the  rotor, 
the  more  difficult  it  will  be  to  keep  this  angle  proportional  to  the  voltage  U 
Hence  the  working  angle  must  be  kept  small.  Moreover,  a  microsyn  pickoff  whose 
parameters  have  been  suitably  chosen  and  which  has  been  carefully  made^  assembled, 
and  regulated  Is  virtually  inertialess  at  small  working  angles.  The  resultant 
force  attracting  the  rotor  to  the  poles  of  the  stator  is  also  practically  zero 
under  these  conditions.  These  last  characteristics  of  the  microsyn  are  highly 
important  6ince  they  make  it  possible  to  obtain  an  output  signal  with  the  exertion 
of  practically  no  reactive  force  on  the  gyroscope. 

One  of  the  principal  advantages  of  the  microsyn  pickoff  over  the  potentiometer 
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pickcff  is  the  fact  that  it  does  not  make  use  of  sliding  contacts.  In  addition, 
the  aenaitlvlty  threshold  of  a  vire  potentiometer  ia  limited  by  the  diameter  of  the 
wire,  while  in  the  microayn  it  is  virtually  zero  (l/600°,  which,  for  a  rotor 
approximately  13  am  in  diameter,  correapondn  to  a  0.2 6-*  linear  displacement  of 
the  rotor  pole  relative  to  the  stator  pole).  Thus  in  all  instances  where  the 

to  be  measured  is  small,  the  microayn  possesses  considerable  advantages  over 
the  potentiometer.  In  this  connection,  however,  we  should  not  overlook  the  weight 
of  the  microsyn  rotor,  which  is,  of  course,  considerably  greater  than  that  of  the 
potentiometer  wiper.  This  fact  does  not  apply  to  the  floating  gyroscope. 

Although  in  practice  microayn  pickoffa  are  made  in  a  variety  of  sizes,  the 
outer  diameter  seldom  exceeds  51  mm.  In  certain  cases  in  which  the  dimensions 
muat  be  kept  tc  a  minimum,  microsyns  are  made  with  outer  diameters  of  approximately 
19  mm.  The  typical  microayn  pickoff  has  an  outer  diameter  of  approximately  38 
weighs  about  57  g  and  displaces  a  volume  of  about  l6.4  cm3.  For  excitation  by  a 
current  of  50  ma  and  400  cpa,  the  amplification  factor  (sensitivity)  of  a  microsyn 
pickoff  of  this  kind  will  be 


K  m  =  12  av/mrad 

"4  *5out  fi 

for  a  range  of  rotor  angles  of  rotation  ff  =  ♦  10°. 

Let  us  turn  now  to  consideration  of  the  operation  of  the  microsyn  as  a  correc 

tor.  In  this  case  It  must  develop  a  moment  proportional  to  the  value  of  the 

control  current  I  delivered  to  the  input  of  its  secondary  winding.  The  dire c  — 
“con 

tion  of  the  moment  must  be  determined  by  the  phase  or  polarity  of  the  voltage 

U  impressed  on  the  secondary  winding.  In  addition,  the  magnitude  of  this 
-con 

moment  should  not  depend  in  practice  on  the  angle  of  deflection  of  the  rotor  from 
its  starting  position,  even  at  small  values  of  this  angle. 
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Suppose  that  the  rotor  is  in  its  starting  position.  Let  ua  apply  to  the 
secondary-winding  input  a  corrective  roltage  5con  whose  polarity  (if  the  microayn 
torquer  is  fed  with  direct  current)  or  phase  (if  the  aicrosyn  torquer  is  fed  with 
alternating  current)  is  such  that  the  secondary  coils  S2  and  generate  fluxes 
coincident  in  direction  with  the  fluxes  from  the  primary  coila  P2  and  P4,  thereby 
amplifying  the  fluxes  of  poles  2  and  4.  Here  the  fluxes  of  coils  Sj.  and  will 
be  opposed  to  those  of  coils  ^  and  P3,  and  will  weaken  the  latter  accordingly. 

The  result  is  the  appearance  of  a  moment  which  tends  to  turn  the  rotor  in  the  di¬ 
rection  of  increasing  magnetic  field  strength,  i.c.,  to  the  left.  The  magnitude 
of  this  moment  will  be  proportional  to  the  product  of  the  currents  lfiX  and  Icon 
supplying  the  primary  (excitation)  and  secondary  windings.  Since  is  constant, 
the  rotor  moment  will  be  proportional  only  to  the  value  of  the  current  fed  to 

the  secondary  winding. 

If  the  phase  (or  polarity)  of  is  now  reversed,  the  fields  of  poles  1  and 

3  will  become  stronger  while  those  of  poles  2  and  4  will  be  weakened;  thia  results 
in  a  change  of  sign  in  the  rotor  moment.  It  is  noted  that  some  hysteresis  appears 
vhen  the  microayn  torquer  ia  fed  with  direct  current.  This,  however,  may  be 
eliminated  readily  by  the  use  of  high-frequency  alternating  current. 

Vhen  the  primary  winding  of  a  microayn  torquer  ia  fed  with  either  alternating 
or  direct  current  and  no  current  flows  in  the  secondary  winding,  the  effects 
exerted  by  xhe  poles  1,4  and  2,3  on  the  rotor,  under  ideal  conditions,  will  cancel 
each  other  out.  Consequently,  the  rotor  moment  in  the  absence  of  a  current  Icon 
will  be  zero. 

In  conclusion,  it  is  again  noted  that  the  microayn  will  function  satisfactor¬ 
ily  only  If  it  ia  constructed  anl  regulated  with  extreme  care.  In  the  floating 
gyroscope,  as  will  be  seen  from  Tig.  2.2,  the  microayn  is  iaanersed  i:  liquid. 

Any  working  design  for  a  floating  integrating  gyroscope  must  include  a  number 
of  components  which  have  been  omitted  from  Pig.  2.2  for  the  sake  of  simplicity. 
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For  example,  the  drawing  docs  not  indicate  the  lea  Jr.  which  provide  the  gyremotor 
with  current  from  an  external  source.  It  is  highly  important  that  there  current 
leads  be  practically  inertialess,  i.e.,  that  they  apply  only  a  negligibly  raall 
moment  to  the  floating  gyroassembly .  This  requirement  is  satisfied  by  the  use  of 
thin  band-type  leads  of  high-grade  material  which  are  semicircular  or  spiral  in 
ahape  in  the  unstressed  state.  One  end  of  the  lead  is  fixed  to  the  housing  and 


the  other  to  a  component  of  the  mechanism  which  communicates  with  the  floating 


gyroassembly.  After  Installation, 


the  lead  reawiins  in  the  unstressed  state  when 
the  6pin  axis  of  the  gyroscope  occupies 
its  starting  position.  Since  the  float¬ 
ing  gyroassembly  turns  through  small 
angles  when  the  instrument  is  In  opera¬ 
tion,  the  moment  which  such  a  current  lead 
applies  to  it  will  be  negligibly  small. 


A  schematic  representation  of  the 

Fig.  2.6.  Schematic  drawing  showing  principle  of  the  floating  Integrating 
principle  of  floating  integrating 

gyroscope:  l)  instrument  housing;  2)  gyroscope  under  discussion  is  shown  in 
bearings  of  floating  gyroassembly;  3) 

microsyn  output-signal  detector  Fig.  2.6.  As  before,  the  axes  0xyzn  are 

(pickoff);  4)  gyroscope  frame;  5)  0 

gyroscope  rotor;  6)  microsyn  correc-  attached  to  the  instrument  housing.  The 
tor  (torquer) ;  7)  liquid  damper; 

input  (measurement)  axis  of  instru-  z  axis  is  the  gyroscope  spin  axis;  the  y 
ment;  x)  output  axis;  z)  spin  axis 

of  gyroscope;  z Q)  initial  position  axis  is  the  measurement  (input)  axis  of 
of  spin  axis  _z;  the  axes  Oxyz 

are  attached  to  the  instrument  in^t^ument;  the  £  axis  Is  its  output 

housing. 

axis,  and  the  axis  defines  the  initial 
0 

position  of  the  spin  axis  z.  In  the  drawing  in  Fig.  2.6,  the  microsyn  stators  are 

represented  by  discs,  and  the  rotors  in  the  form  of  pairs  of  triangular  petals 

which  represent  the  two  poles  of  each  rotor.  We  shall  use  this  scheme  from  now 

on  to  represent  the  floating  integrating  gyroscope. 

k 

An  axonometric  projection  of  the  Type  10  floating  integrating  gyroscope 
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under  consideration  appears  In  Fig.  2.7.  Type  designation  Is  based  on  the  value 
of  the  angular  momentum  H  of  the  gyroscope  expressed  In  cgs  units.  "Type  10  ” 
designates  a  gyroscope  for  which  K  *  10**  gm  .  ca?  .  sec-l  .  1Q gf.cln.,oc< 

The  functions  of  the  basic  design  components  of  this  gyroscope  will  be 
readily  understood  on  comparison  of  Figs.  2.7  and  2.2.  Therefore,  we  shall 
merely  concern  ourselves  with  certain  details  of  the  instrument's  construction. 

The  Instrument  housing  may  be  disassembled  and  consists  of  a  central  section 
6,  two  lateral  sections  2  and  10  and  a  cover  11,  which  are  Joined  hermetically  to 
one  another  by  means  of  the  bolts  15.  The  gyromotor  Is  mounted  In  the  yor.e  19 
(in  Fig.  2.2,  this  is  keyed  with  the  number  9).  The  rotor  of  the  micrnsyn 
pickoff  is  installed  to  the  left  of  the  floating  gyroassembly  17,  and  the  torques 
rotor  to  the  right  of  it.  The  microsyn  st  tors  19  and  1 6  are  attached  by  the 
screws  9  to  thin-walled  ring-shaped  components  with  the  flanges  5  and  7,  respec¬ 
tively.  The  flanges  are  apparently  gripped  between  the  components  3  and  6  and 
6  and  10  of  the  instrument  housing.  The  spaces  3  and  7  probably  serve  to  permit 
adjustment  of  the  positions  of  the  microsyn  stators  with  respect  to  their  rotors. 
If  thla  is  the  case,  there  should  be  four  such  spaces  located  at  90°  intervals 
around  each  stator.  The  position  of  the  stator  would  be  adjusted  by  exerting 
pressure  through  these  spaces  to  shift  the  stator  in  the  desired  direction. 

Whether  or  not  the  stator  is  in  the  correct  position  may  be  Judged  from  the  output 
signal  of  the  microsyn  pickoff.  The  plate  h  appears  to  be  a  screen  intended  to 
shield  the  microsyn  pickoff  from  disturbances  arising  in  the  gyrometer  during  its 
operation.  Current  13  supplied  by  the  gyromotor  by  means  of  the  band-type  leads 
12  (of  which  there  should  be  three)  installed  in  component  13.  The  compensating- 
membrane  chamber  lU,  which  communicates  with  the  internal  cavity  of  the  instrument 
housing,  is  installed  in  the  cover  11.  The  liquid  in  this  chamber  serves  to 
compensate  variations  in  the  volume  of  the  liquid  contained  in  the  instrument 
housing  caused  by  changes  in  its  temperature.  The  angle  of  rotation  of  the 
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floating  gyroasnembly  relative  to  the  instrument  hourring  is  limited  to  ♦  5°  by  a 
■  top  pin  secured  on  the  right  in  the  central  section  6  of  the  instrument  housing. 
All  of  the  electrical  inputs  and  outputs  of  the  Instrument  are  by  way  of  the  con¬ 
tact  pins  1  lo rated  in  the  base  of  the  device. 


Fig.  2.7.  Design  of  Type  10U  floating  integrating  gyroscope: 

l)  pins  far  current-supply  leads  and  output-signal  pickup;  2,  6, 

10)  caaponents  fanning  instrument  housing;  3>8)  spaces  far  adjust 
ment  of  microsyn  stator  positions;  k)  screen;  5,  7)  flang<*=  for 
attachment  cf  microsyn  stators  to  instrument  housing;  9)  bolts 
attaching  microsyn  stators  to  flanges  5>  7;  H)  cover;  12)  band- 
type  lead;  13)  disc  carrying  supply  leads;  l1*)  membrane  chamber; 

15)  assembly  •crews  far  housing  components;  lo)  stator  of  microsyn 
torquer;  17)  floating  gyroassembly;  18)  yoke  (gyroscope  frame); 

19)  stator  of  microsyn  plckoff. 

k  conjectural  section  through  the  gyrcootor  is  shown  in  Fig.  2.8b. 

The  MIT- Type  101*  floating  integrating  gyroscope  Ko.  79  has  the  follow¬ 
ing  characteristics  (Tables  1  and  2): 


F-T3-9910/V 


Table  1.  Values  Deternined  Prior  to  Final  Assembly  of  Device 


Designation  |  £ 


Weight  of  gyros  cop  ’ 
rotor 

Axial  moment  of  Inertia 
of  gyroscope  rotor 

Proper-rotational  velo¬ 
city  of  rotor  for  UOO- 
cycle  feel  current 

Angular  momentum  of 
gyroscope 

Weight  of  floating  gyro- 
assembly 

Moment  of  Inertia  of  float¬ 
ing  gyroasaembly  with  re¬ 
spect  to  Its  x-axls  of 
rotation 

Maximal  angle  of  rota¬ 
tion  of  floating  gyro- 
assembly  from  Its  Initial 
position  with  respect  to 
Instrument  housing  (as 
permitted  by  stops) 

Radial  clearance  of 
damper 

Specific  gravity  of 
fluid 

Viscosity  of  fluid  at 

71.1°  C 


Specific  damping  moment  |K 


Symbol  I  Dimensions 


gf-  cm-sec 


gf- cm  -eec 


gf-cm-sec^ 


degrees 


gf/ cnr 


f  -  cm 


Theore¬ 
tical  Measured 
Value  Value 


13.79  11.91 


0.0122  I  0.0122 


10.19  10.22 


O.O36  I  0.033 


±5  ±0.5  ±5.6 


0.25^  I  0.2U6 


1.93  +1*  1-929 


centipoises  I  650  +5$  I  607 


20.39  22.12 


5.92-10-3  6>3-io"3 


(calculated) 
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Table  1.  (continued) 

No. 

Des ignition 

Symbol 

Dimensions 

Theore¬ 

tical 

—Value _ 

Measured 

Value 

12 

Mlcrosyn-torquer  moment 

M  obtained  when  prl- 

mary  and  secondary  wind¬ 
ings  are  supplied  with 

currents  I  and  I 

-ex  “con 

whose  products  I  • 

—ex 

*1  elua2 

—con 

c 

*1 

gf-cm/ma^ 

U.08.1CT4 

-U 

4.14-10 

13 

Sensitivity  of  microsyn 
pickoff  for  excitation 
current  of  125  ma(4o0  epe 

K 

~&^Jout 

mv/mrad 

volts/degree 

volts/degree 

21.0 

O.366 

0.366 

20.0 

0.3^9 

0.3^9 

ll» 

Ratio  of  output  voltage 

U  of  microsyn  pickoff 

“out 

to  product  V  f  fit-r* 

-ex  -g  ^ 

and  f  are  the  magnitude 

2 

and  frequency  of  the  exci¬ 
tation  current,  and  0  is 
the  angle  of  rotation  of 
the  floating  gyroassembly] 

C 

~2 

mv/ma-cps-rad 

mv/ma*cps-deg 

0.42 

7.33*10"’ 

0.40 

6.98  •  10-3 

Table  2.  Values  Determined  after  complete  Assembly  of  Device 


No. 

Designation 

Symbol 

Dimens ions 

Theoretical 

Value 

Measured 

Value 

1 

Phase  voltage  of  gyromotor 
supply 

U 

-ph 

volts 

8.0  _f  1 

7.5 

2 

Frequency  of  gyromotor 
current  supply 

f 

-  gyr 

cps 

400  +  0.4 

400  +  0.C4 

3 

Phase  current  of  gyromotor 

I  . 

— ph 

a 

0.3 

0.2 

4 

Temperature  in  damper  gap 

f 

°c 

71.1  1  1.1 

71.1 

5 

Zero- point  output  signal 
of  microsyn  pickoff  (siS- 
nal  delivered  by  device  at 
rero  input  angular  veloci¬ 
ty  «  and  torquer  control 
current  I  (spurious  sig¬ 

nal  due  to°?nterference 
harmonics  Q 

mv 

<5 

( root-mean- 
square  ) 

1.9 
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Table  2.  (continued) 


No. 

Designation 

Symbol 

Dimen¬ 

sions 

Theore¬ 

tical 

Value 

Measured 

Value 

I 

Drift  velocity  due  to  im¬ 
balance  of  floating  gyro- 
assembly 

Drift  velocity  due  to  mo¬ 
ments  vhi'-h  cannot  be  ta¬ 
ken  into  account  due  to 
their  random  nature 

rad/ sec 
°/ain 

rad/sec 

°/mln 

10"  - 
0.3-** 

<5  •  10'5 
<0.17? 

0.3  •  10- 
0.103 

10' 5 
O.O3U 

I 

Smalleal  detectable  velo¬ 
city  of  rotation  of  device 
about  measurement  axle  % 

"  min 

rad/sec 

°/min 

<5  •  10‘5 
<  0.17? 

See  Ch.  V 

Largest  value  of  measured 
input  angular  velocity 

"max 

rad/sec 

rpm 

>  **.5 

>  42 

See  Ch.  V 

10 

Time  constant 

T 

sec 

0.0017 

0.0027 

11 

Ratio  of  angular  velocity 

3 

*1 

rad/sec 

0.5 

0.1*7 

0  of  floating  gyroassem- 
bly  to  input  angular  ve¬ 
locity  u 

rad/sec 

(calculated) 

12 

Ratio  of  angular  velocity 

-exicon’** 

rad/sec 

2  •  10-5 

1.9  *  10-5 

0  of  floating  gyro- 
assembly  to  product  of 

currents  I  and  I 

— ex  —con 

applied  to  primary  and 
secondary  windings  of 
microsyn  torquer 

2 

ma^ 

°/min 

ma2 

0.115 

0.109 

13 

Ratio  of  angular  veloci¬ 
ty  0  of  floating  gyro- 
assembly  to  angular  accel¬ 
eration  -Jr'of  instrument 
housing  about  output  axis 

X 

!C ..  •  r  T 

"7.0 

rad/sec 

0.0017 

0.0027 

rad/sec 

% 

l4 

Ratio  of  angular  veloci- 

K 

— r  t 

rad/sec 

k  *  10"5 

0.229 

4.09  •  10" 5 

0.23** 

ty  u  to  which  (velocity) 
application  to  currents 

I  and  I  to  primry 

-ex  ~con 

•  T  •  y  ■ 

-ex— con 

lexicon,  3 

2 

ma 

°/min 

and  secondary  windings 
of  microsyn  torquer  is 
equivalent  (in  its  effect 
on  the  floating  gyro- 
assembly),  to  the  pro¬ 
duct  of  these  currents 

-  <-,0 

ma2 
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Table  2, (continued) 


No. 

Designation 

Symbol 

Dimensions 

Theoretical 

Value 

Measured 

Value 

15 

Hatio  of  angular  veloci 

k..  ..  2 

rad/sec 

0.0035 

0.0057 

ty  **  to  which  (veloci- 

,  2 
rad/sec 

ty)  rotation  of  Instru¬ 
ment  housing  about  Its 

-<*».  d 

output  axis  x  with  an 
acceleration  V  Is 

equivalent  ( in  Its 
effect  on  the  Instru¬ 
ment),  to  this  accel¬ 
eration 

16 

Ratio  of  rate  of  change 

• 

t  of  mlcrosyn-plck- 

*  ^out 

volts/sec 

rad/sec 

mv/sec 

10.5 

3.053 

10.05 

2.92? 

off  output  voltage  to 

input  angular  velocity  u 

/min 

17 

Ratio  of  rate  of  change 

h  I  , 

mv/sec 

0.4 

0.406 

U  of  mlcrosyn-pick- 

-out 

lexicon' 

• 

u 

2 

ma 

off  output  voltage  re¬ 
sulting  from  delivery 
of  currents  1^  and 

I  to  primary  and 
—con 

—out 

secondary  windings  of 
microsyn  torquer  to 
the  product  of  these 
currents 

It  la  seen  from  Tables  1  and  2  that  the  weight  of  the  floating  Integra¬ 
ting  gyroscope  rotor  Is  very  swill  ( ~  12  gf)  and  that  It  has  a  small  specific 
ncment  of  Inertia  (  -  0.012  gfi-cm-sec2) .  By  way  of  comparison,  we  might  note 
that  the  cards  of  fluid-filled  magnetic  compasses  (types  A-4,  KI-11,  etc.)  have 
approximately  the  same  weight  and  moment  of  inertia.  At  the  same  time  the  proper- 
rotational  velocity  of  the  rotor  Is  comparatively  rather  small  at  9000  rpm.  It 
will  also  be  seen  from  Tables  1  and  2  that  the  angilar  momentum  of  the  floating 
gyroscope  Is  relatively  small  (  -  10.2  gf-cm-sec) .  The  total  weight  of  the  entire 
floating  gyroassembly,  53.6  gf,  Is  quite  typical.  All  this  gives  some  Idea  of 
the  very  small  dimensions  of  the  device  itself  and  the  high  technical  requirements 

95 
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Inevitably  Involved  In  the  manufacture,  assembly,  regulation  and  testing  of  the 
floating  gyroscope. 

The  device  operates  at  small  angles  of  deflection  of  the  floating  gyro- 
assembly  from  H-s  original  position,  since  the  working  angles  must  be  saaller 
than  the  angles  of  rotation  permitted  by  the  stops,  ♦  5°  ±  0.5,°.  This  ensures 
virtual  linearity  of  both  gyroscopic  moment  and  output  voltage  as  functions  of 
the  angle  of  deflection.  The  oparatlng  temperature  of  the  Instrument  Is  71.1°  c 
This  Is  because  the  fluid  used  (more  exactly,  the  medium  used  to  fill  the  Instru¬ 
ment)  Is  too  viscous  or  completely  solidifies  at  normal  temperatures,  and  only 
acquires  the  required  viscosity  at  this  temperature. 

The  drift  velocities  due  to  Imbalance  of  the  floating  gyroassembly 

(  0.103°/min)  and  to  moments  of  an  accidental  nature  (  -  0.034°/mIn)  are  worth 

acting.  This  drift  attests  to  the  great  difficulty  encountered  In  balancing  and 

regulating  the  device.  It  Is  highly  Important  for  the  drift  velocity  to  remain 

constant  In  magnitude  and  direction.  It  can  then  be  reduced  with  relative  ease 

by  supplying  the  corrector  with  the  appropriate  constant  current  I 

—con* 

The  time  constant  of  the  Instrument  under  consideration  Is  only  0.0027 
sec  (calculated  value  0.0017  sec),  a  figure  which  Indicates  the  rapidity  with 
which  transient  processes  run  their  course. 

The  instrument  was  designed  to  detect  angular  velocities  beginning  with 

5  10  rad/sec  (0.172°/min),  or  a  velocity  smaller  by  a  factor  of  1.1*6  than  that 

of  the  eart  »*s  diurnal  rotation.  In  other  words,  it  has  to  sense  an  angular 
velocity  approximately  equal  to  one  revolution  per  thirty-six  hours.  The  tests 
showed  that  the  Instrument  was  able  to  detect  a  considerably  smaller  angular 
velocity.  At  the  same  time  it  has  to  be  able  to  measure  angular  velocities 
higher  than  4.5  rad/sec,  i.e.,  more  than  42  rpm.  Hence,  the  theoretical  ratio  be¬ 
tween  the  maximum  and  minimum  values  of  the  measured  angular  velocity 

’  9‘10  *  Slnce  the  actual  v*1™  of  is  less  than  the  theoretical  value. 
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the  effective  value  of  the  ratio  is  even  greater.  It  should  be  pointed  out 
that  M  mJLn.  *s  dependent  upon  both  the  moment  of  friction  in  the  supports  of  the 
floating  gyroassembly  and  the  level  of  electrical  Interference  which  disturbs  the 
correct  functioning  of  the  instrument. 

Let  us  consider  some  of  the  industrial  models  of  the  floating  integrating 
gyroscope  made  in  America,  known  by  the  abbreviation  HIG  (Hermetic  Integrating 
Gyroscope) ..  A  figure  is  usually  added  to  these  letters  to  indicate  the  power  to 

which  the  number  10  must  be  raised  to  obtain  the  angular  momentum  of  the  gyroscope 

2  -1  3  2  -1 

H  in  cgs  units,  i.e.,  in  g-cm  -  sec  ;  for  example  HIG-3  (H  =  10J  g-cm  -sec  ), 

HIG- 6  (HS106  g-cm^-sec-^") ,  and  so  on. 

Figure  2.8  shows  the  main  features  of  the  design  of  the  HIG-4  made  by 
the  Minneapolis -Honeywell  firm.  Some  of  the  parts  may  not  be  reproduced  exactly. 
Basically,  the  instrument  is  similar  to  the  one  considered  earlier,  depicted  in 
Fig.  2.7.  The  floatir  j  gyroassembly  consists  of  a  hermetically-sealed  shell  con¬ 
taining  an  asynchronous  gyromotor.  The  shell  is  made  from  two  sections  11  and 
l4f  and  from  the  kinematic  point  of  view  constitutes  the  gyroscope  frame.  The 
sections  11  and  lU  are  connected  respectively  to  the  shafts  3^  and  23  which  lie 
along  the  geometrical  axis  of  the  cylindrical  shell,  which  is  the  x  axis  of  ro¬ 
tation  of  the  floating  gyroassembly.  The  ends  of  the  shafts  are  fitted  with 
Journals  which  insert  into  Jewelled  socket-bearings  attacned  to  the  walls  of  the 
housing  6  (as  in  Fig.  2.7,  the  housing  is  sectional).  There  should  be  Jewelled 
disc  bearings  behind  the  sockets  to  receive  axial  loads. 

The  gyromotor,  like  the  one  shown  in  Fig.  2.8b,  is  mounted  on  an  immo¬ 
vable  axle  12  between  the  brackets  13  and  28  of  the  unit  14.  The  axle  1?  passes 
■through  openings  in  the  brackets  13  and  28,  the  upper  p.-..rt  of  it  being  held  by 
bracket  13.  The  lower  end  of  the  axle  12  is  threaded  and  ^he  nut  holding  the 
axle  in  place  is  screwed  onto  it  (this  ie  not  visible  in  Fig.  2.8) .  The  parts 
attached  to  the  axle  12  are  the  plate  30,  the  socket  31,  to  which  is  fixed  the 
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Tt- 1 


HIC-1*  floating  Integrating  pickoff  rotor;  37)  socket 

gyroscope. 


gyromotor  stator  27,  and  the  inner  rings  of  the  magnetic-type  bearings  10  and  ?9 
of  the  gyromotor  rotor  with  the  spacer  G  between  them.  The  inner  ring  of  bearing 
10  beers  on  the  shoulder  of  the  axle  12  while  the  ring  of  bearing  29  bears  on  the 
end  of  the  stator  socket  31.  The  outer  rings  of  the  bearings  and  the  spacer  33 
between  them  are  fixed  to  the  socket  of  the  rotor  26;  the  outer  ring  of  bearing 
29  pushes  against  the  shoulder  of  the  rotor  socket  32.  The  outer  rings  of  the 
bearings  in  the  rotor  are  kept  in  place  by  the  cap  9  which  is  screwed  to  the 
gyromotor  rotor  by  the  screws  7.  The  tightness  of  the  bearings  is  regulated  by 
a  nut  at  the  end  of  the  exie  12. 

Current  is  supplied  to  the  floating  gyroassembly  through  band-type  leads  19 
lying  in  one  plane.  The  angles  of  rotation  of  the  gyroasc- jnibly  are  restricted  by 
the  stop  15  which  is  attached  to  the  instrument  housing  by  one  end,  the  other  end 
fitting  into  an  arresting  socket  in  the  unit  i4. 

The  rotor  36  of  the  microsyn-pickoff  is  attached  to  the  shaft  34,  and  the 
rotor  18  of  the  microsyn-torquer  to  the  shaft  23.  The  laminated  stators  5  and 
17  with  windings  3  and  16  are  fixed  to  the  housing  of  the  instrument.  The 
gyroassenfcly  is  balanced  by  four  flat  self-braking  nuts  2  screwed  onto  the 
threaded  balancer  rods  35.  The  nuts  are  turned  by  means  of  the  yokes  1,  the 
heads  4  of  which  extend  hermetically  through  the  outer  surface  of  the  housing. 

Variation  in  the  volume  of  the  filler  liquid  due  to  temperature  change  is 
compensated  for  by  a  corrugated  membrane  chamber  21  communicating  with  the  inside 
of  the  housing  via  the  hollow  center  20.  The  sections  making  up  the  housing  are 
held  together  by  the  screws  22.  All  Joints  must  be  hermetically  sealed. 

The  temperature  of  the  instrument  housing  is  kept  constant  by  an  autonmtic 
temperature  controlling  device.  This  is  done  by  varying  the  current  supplied  to 
the  heating  element,  25,  which  is  situated  on  the  outside  of  the  housing  under  the 

24.  Ibe  resistance  of  the  temperature  sensor  is  probably  located  on  the 
housing  under  the  heating  element. 
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Figure  2.9  shows  an  HIG-5  floating  gyroscope  made  by  the  sane  firm,  with  one 
section  opened.  It  is  similar  in  design  to  the  HIG-U,  but  its  mair  difference 
from  the  latter  and  the  model  shown  in  Fig.  2.7  is  that  the  gyroscope  frame  2 
(see  Fig.  2.9)  is  actually  a  closed  frame  and  not  a  yoke  as  in  the  HIG-1*  and  the 
instrument  in  Fig.  2.7.  The  face  surfaces  of  the  frame  take  the  form  of  circular 
disks  and  are  used  to  secure  the  cylindrical  shell  which,  together  with  them,  forms 
a  hermetically-sealed  float  with  the  gyronotor  inside.  The  disks  of  the  frame  have 
shafts  to  which  ere  attached  the  mlcrosyn  rotors.  The  shafts  are  equipped  with 
Journals  by  means  of  which  the  floating  gyroasserably  is  mounted  on  bearings.  At 
the  beginning  of  1957  these  instruments  were  being  turned  out  at  the  rate  of  300  a 
month.  Hie  same  firm  is  turning  out  (at  the  beginning  of  1957  at  the  rate  of  25  a 
month)  an  Instrument  similar  in  design,  the  HIG-6,  intended  for  the  stabilized  plat¬ 
forms  of  long-range  inertial  systems.  All  three  types  are  shown  side  by  side  in 
Fig.  2.10  for  comparison  of  their  relative  sizes.  Each  one  has  its  own  particular 
features.  Hie  HIG-6  has  the  lowest  threshold  of  sensitivity  and  the  greatest  ac¬ 


curacy. 


Fig.  2.9*  HIG-5  floating  integrating 
gyroscope:  l)  gyromotor;  2)  gyroscope 
frame;  3)  microsyn  rotor. 


Figure  2.11  shows  an  external  view  of  the  HIG-1*  made  by  the  Greenleaf  Company. 
Figure  2.12  shows  a  variation  of  the  floating  integrating  gyroscope  somewhat 
different  in  design  from  those  considered  above.  Hiis  instrument  has  been  devel- 
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oped  by  Mlnneapolis-Honeyvell.  The  main  feature  of  its  design  is  replacement  of 
the  microsyns  by  a  pickoff  and  torquer  of  another  design;  they  are  both  situated 
at  the  same  end  of  the  instrument.  Other  differences  in  construction  can  easily 
be  seen  from  a  comparison  of  Figs.  2.1?  and  2.S. 


Fig.  2.10.  Floating  integrating  gyroscopes  made  by  Mlnneapolis- 
Honeyvell:  (left  to  right)  the  HIG-4,  HIG-5  and 
HIG-6. 


Fig.  2.11.  External  view  of  HIG-4  floating 
integrating  gyroscope  made  by 
Greenleaf . 


Figure  2.13  shews  an  external  view  of  tvo  floating  integrating  gyroscopes 
with  angular  momentum  of  2.10^*  and  6.05  *  10^  g^cm-sec  ^  (20. 4  and  6.170  gf-cm-sec 
made  by  the  Kearfott  firm. 

The  minimum  angular  velocities  which  are  detected  by  these  instruments 
are  4.1  deg/hr  and  0.01  deg/hr  respectively.  The  parts  are  made  from  materials 
with  practically  identical  linear  temperature  coefficients  of  expansion,  which 
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Fig.  2  .12.  Floating  Integrating  gyroscope: 
l)  torquer;  2)  pickoff;  3)  housing;  4)  gyroscope 
rotor;  5)  heating  element;  6)  compensation- 
membrane  chamber;  7)  floating  gyroassembly. 

prevents  the  possibility  of  the  gyroassembly  becoming  unbalanced  over  a  wide  re  ge 
of  variation  In  the  temperature  of  the  surrounding  medium.  These  Instruments  con¬ 
tain  both  dc  and  ac  correctors,  and  also  dc  linear  detectors.  Deviation  from 
linearity  throughout  the  working  range  does  not  exceed  0.1^  In  the  former  and 
0.17^  in  the  latter.  The  time  constants  T  are  respectively  0.0025  and  0.0035  sec. 
The  weight  jf  the  instruments  Is  626  gf  and  2.95  kgf .  In  addition,  the  firm 
produces  instruments  with  angular  momentums  of  2.5  '  10  and  12.5  •  10  g-cm  - 

sec  ^  (2,550  and  12,750  gf-cm-sec). 

One  of  the  very  important  uses  of  floating  integrating  gyroscopes  Is  In 
the  construction  of  stabilized  platforms.  Here  the  size  of  the  platform  is 
roughly  proportional  to  the  cube  of  the  size  of  the  gyroscope.  Hence  to  reduce 
the  size  of  the  platform  It  Is  first  and  foremost  necessary  to  reduce  the  dimen¬ 
sions  of  the  gyroscope,  but  without  affecting  Its  accuracy. 

An  example  of  the  design  of  a  miniature  floatirg  gyroscope  Is  the  MIG 
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(Miniature  Integrating  Gyroscope)  which  vas  put  into  production  on  a  small  seal* 
(about  two  per  month)  by  Mlnneapolis-Honeyvell  at  the  beginning  cf  1937.  The 
Instrument  is  intended  for  intertial  guided  missiles  of  the  short-range  ty.e,  as 
well  as  for  use  in  aircraft.  The  weight  of  the  MIG  is  about  ?'.‘0  gf,  its  diame¬ 
ter  is  44.5  mm,  and  its  length  is  63.5  mm.  The  angular  momentum  is  H  = 102  gf-cm- 
■ec  and  the  drift  velocity  is  not  more  than  0.5  deg/hr.  If  the  instrument  is 
properly  regulated  when  set  into  operation,  the  random  drift  velocity  is  approxi¬ 
mately  0.15  deg/hr. 

We  should  point  out  that  the  drift  velocity  of  the  MIG  is  half  that  of  the 
HXG-5  in  which  it  amounts  to  1  deg/hr,  although  the  HIG-5  is  six  time.-,  as  heavy 
and  four  and  a  half  times  greater  in  volume  than  the  MIG,  and  also  has  the  same 
angular  momentum.  This  is  because  in  working  out  the  design  of  the  MIG  greater 
attention  was  given  to  achieving  stability  of  dimension  under  the  influence  of 
temperature  variation  and  shock,  to  reducing  the  intake  so  as  to  reduce  such  un¬ 
desirable  effects  as  electromagnetic  nonlinearity  and  asymmetry,  and  also  to 
eliminating  anisoelasticity  in  order  to  do  away  with  the  vibration  and  moments 
caused  by  it  for  all  practical  purposes;  the  latter  constitute  one  of  the  main 


sources  of  drift. 


Fig.  2.13.  External  view  of  float¬ 
ing  Integrating  gyroscopes  made  by 
Kearfott  with  angular  momentum:  a) 
H  -  20.4  gf-cm-sec,  and  b)  H  »  6170 

gf-cm-sec. 

causes  short-circuiting  of  the  stator 


Although  the  parts  of  the  MIG  are 
small  in  size,  they  must  nevertheless  be 
nanufactured  and  assembled  with  an  ex¬ 
tremely  high  degree  of  accuracy.  The 
following  facts  are  indicative  in  this 
respect.  The  diameter  of  the  laminated 
stator  of  the  gyromotor  has  to  be  main¬ 
tained  with  an  accuracy  of  up  to  7.6  M  • 
Polishing  is  not  permissable  since  it 
plates,  which  in  turn  causes  magnetic 
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asymr.et.ry.  The  Journals,  which  are  made  from  tungsten  carbide,  and  the  sapphire 
bearings  of  the  floating  gyroassembly  have  to  be  almost  Ideally  cylindrical  In 
shape.  Deviations  of  more  than  0.5  H  from  Ideal  cylindrical  fern  are  net  tolera¬ 
ted .  The  Jewel-type  bearings  used  in  watches  are  not  satisfactory. 

The  basic  features  of  the  design  of  the  MIG  are  shown  in  Figs.  2.14  and 
2.15.  An  external  view  of  the  instrument  can  be  seen  in  Fig.  2.16.  Figure  2.15 
shows  that  the  float  4,  which  is  made  of  two  sections  screwed  together,  acts 
directly  as  the  frame  of  the  gyroscope.  The  2. 5-watt  .gyromotor  is  mounted  in  the 
left-hand  naif  of  the  float.  The  right-hand  half  is  attached  after  the  gyromotor 


Fig.  2.14 .  MIG-miniature  floating  integrating  gyroscope  (1956): 
l)  recess  for  flexible  lead;  2)  dualsyn  rotor;  3)  dualsyn 
stator;  4)  gyromotor  feed;  5)  Journal  of  floating  gyre- 
assembly;  6)  rotor  of  gyromotor;  7)  floating  gyroassembly ; 

8)  and  9)  air-tight  inlets. 

has  been  completely  assembled.  The  angle  of  retailor,  of  the  floating  gyroassembly 
is  +  3°.  The  design  makes  the  gyroassembly  very  convenient  to  assemble,  and 
at  the  same  time  provides  great  rigidity  and  practical  isotropy  of  the  elastic 
properties  in  all  planes  passing  through  its  rotation  axis.  At  first  sight,  the 
design  is  very  simple,  but  this  is  not  actually  so  since  manufacture  of  it  with 
the  requisite  accuracy  is  extremely  complicated  from  the  technological  standpoint. 
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This  difficulty,  however,  is  fully  compensated  for  by  the  advantages  of  the  de¬ 
sign  when  compared  with  the  designs  of  the  gyroassemblles  in  the  instruments  ve 
have  considered  above.  The  floating  gyroassembly  has  Journals  made  of  tungst-n 
carbide  0.46  mm  in  diameter.  They  are  Inserted  into  Jewelled  bearings  fixed  to 
the  instrument  housing.  The  suitable  Journals  and  bearings  are  found  by  selection. 
To  increase  the  rigidity  of  the  gyromotor  rotor  axle,  it  is  made  in  the  form  of 
two  cones  rigidly  attached  to  the  rotor  5.  The  elastic  properties  of  the  design 
are  isotropic  for  practical  purposes.  The  floating  gyroasseably  is  filled  with 
helium.  In  the  instrument  under  consideration  the  microcyn-pickoff  and  microsyn- 
torquer  are  incorporated  into  one  unit  called  a  dualsyn.  Thus  the  dualsyn  Is 
both  the  output-signal  detector  and  the  corrector  (torque  generator).  The  dualsyn 
consists  of  a  multipolar  rotor  2  (Fig.  2.14)  attached  to  the  floating  gyroasseably 

and  a  corresponding  stator  3  attached  to  the  housing.  In  Fig.  2.15  the  stator  and 

/  i  J 


Fig.  2.15.  MIG  -  miniature  floating  integrating  gyroscope  (1957): 
l)  hermetically- sealed  inlet;  2)  flexible  lead;  j)  heating  and 
heat-sensitive  elements;  4)  float  (gyroscope  frame);  5)  gyro- 
motor  rotor;  6)  dualsyn  stator;  7)  dualsyn  rotcr;  0)  instrument 
housing;  9)  Jewelled  bearing;  10)  bellows;  11)  flat  internal 
heating  element. 

the  rotor  of  the  dualsyn  are  marked  6  and  7.  The  plates  of  the  rotor  and  stator 
are  made  from  a  ferromagnetic  material  with  strong  magnetic  properties.  The  stator 
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has  four  windings  of  0.11-mm  wire,  two  for  the  alternating  current  required  by  the 
dualsyn  when  working  as  an  output  signal  detector,  and  two  for  direct  current  for 
whm  It  Is  working  as  the  corrector.  The  working  principle  of  the  dualsyn  Is 
similar  to  that  of  the  mlcrosyn-detector  and  mlcrosyn-corrector. 

The  Instrument  Is  filled  with  "fluorolube"  (a  fluoro-organlc  compound) 
which  Is  solid  at  normal  temperatures.  The  filling  Is  done  In  a  special  way  that 
In  effect  prevents  the  formation  of  air  bubbles,  which  disturb  the  balance  of  the 
gyroassembly .  Variation  In  the  volume  of  the  liquid  due  to  temperature  is  compen¬ 
sated  for  by  the  bellows  10. 

To  maintain  tne  temperature  at  92.2°  C,  the  instrument  contains  the  7-watt 
internal  heating  element  11  and  heating  elements  3  (see  Fig.  2.15).  The  desired 
temperature  Is  automatically  maintained.  The  resistance  of  the  sensitive  element 
Is  980  ohms. 

Current  la  supplied  to  the  gyromotor  by  the  flexible  leads  2  (Fig.  2.15) 
in  the  recesses  1  (Fig.  2.1U).  One  end  Is  soldered  to  the  element  connected  to 
the  housing,  while  the  other  end  is  soldered  to  the  hennetlcally-c._c.led  Ir.lets  9 
(see  Fig.  2.lU)  of  the  floating  gyroassembly. 

A  comparison  of  the  Figs.  2.12,  2.1k,  and  2.15  makes  it  clear  that  the 
Instrument  in  Fig.  2.12  is  the  forerunner  of  the  MIG. 


In  the  main  it  differs  from  the  MIG 
In  the  arrangement  of  the  detector  and 
corrector,  the  elastic  compensation  cham¬ 
ber  (a  membrane  chanter  Instead  of  the 
bellows  In  the  MIG),  the  heater  and  the 

Fig.  2.16.  External  view  of  the  MIG  rotor  axle  (in  the  form  of  cylindrical 

(1957). 

cups,  whereas  in  the  MIG  it  consists  of 

cones).  In  Fig.  2.12  the  plckoff  and  torquer  are  at  the  same  end  and  have  moving 
colls.  The  fact  that  they  have  been  replaced  by  the  dualsyn  shows  the  advantages 
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of  the  latter  in  comparison  with  other  urrangements  intended  for  the  sa-.e  purpose. 

Besides  these  instruments,  the  firm  Minneapolls-Hor.eyvell  also  makes  the 
GG37  floating  Integrating  gyroscope,  known  as  the  ISIP  (five  such  instruments 
were  produced  at  the  beginning  of  1957).  It.  is  designed  specially  for  use  in  con¬ 
structing  stabilized  platforms  for  long-range  inertial  systems.  Its  dimensions 
are:  diameter  83.8  mm,  length  116.8  mm,  and  drift  velocity  0.01  deg/hr. 

Floating  integrating  gyroscopes  are  high-precision  instruments.  Their 
accuracy  is  so  great  tnat  a  comparatively  short  time  ago  it  was  considered  that 
such  accuracy  could  only  be  achieved  in  a  few  individual  laboratory  model.;  and 
under  laboratory  conditions.  Many  of  the  parts  of  the  gyroscope  have  to  be  made 
with  an  accuracy  of  up  to  0.5  microns.  A  number  of  complex  technological  prob¬ 
lems  had  to  be  solved  before  it  became  possible  to  mass-produce  these  instruments. 

The  floating  gyroscopes  have  to  be  ass  jmbled  in  specially  equipped  rooms 
free  from  practically  all  dust.  The  temperature,  humidity,  and  pressure  in  these 
rooms  must  be  kept  constant.  In  the  Sperry  Company's  assembly  rooms,  for  example, 
the  air  is  purified  to  the  extent  that  no  particles  of  dust  larger  than  0.3  u 
remain.  The  temperature  is  kept  constant  to  within  half  a  degree,  and  the  humi¬ 
dity  with  an  accuracy  of  5  percent . 

The  use  of  paper  and  pencil  in  the  assembly  shops  is  prohibited  so  that 
the  air  will  not  be  contaminated  with  fibre  particles  and  graphite  dust.  All 
drawings  are  made  on  light-sensitive  plastic  and  notes  are  taken  down  on  sheets 
of  vinyl  masticated  rubber  with  bail-point  pens.  The  walls  of  the  rooms  are 
covered  with  the  same  material. 

Work  tools  are  polished  to  mirror-like  brightness  and  are  cleaned  ultra- 
aonically  each  day.  All  parts  not  being  used  at  a  given  time  are  kept  in  plastic 
bags  or  under  glass  covers.  Each  component  part  of  an  instrument  goes  through  a 
preliminary- treatment  section  before  being  taker,  into  assembly.  Here,  any  pro¬ 
jecting  edges  are  removed  from  the  parts  and  they  are  then  electropolished.  The 


F-TS-9910/V 


107 


removal  of  projecting  edges  is  carried  out  under  a  microscope  with  X  1*5  magnifi¬ 
cation,  with  the  aid  of  special  instruments  similar  to  those  used  by  dentists. 

Before  entering  the  assembly  shop  the  worker  has  to  go  through  seven 
special  rooms.  In  the  first  (outer)  sterile  room,  he  washes  his  hands  and  face 
(women  are  not  allowed  to  use  cosmetics).  In  the  second  his  shoes  are  thoroughly 
cleaned.  In  the  third  room  his  clothes  are  cleaned  by  a  stream  of  air.  In  the 
next  room  the  worker  takes  off  his  outer  clothing  and  puts  on  nylon  trousers  and 
a  nylon  shirt,  and  over  then  nylon  overalls.  On  top  of  his  footwear  he  puts  nylon 
coverings,  and  on  his  head  a  nylon  cap.  The  whole  set  of  nylon  clothing  is 
cleaned  and  sterilized  daily.  When  he  has  changed  his  clothes,  he  enters  the 
fifth  room  where  his  clothes  are  again  cleaned  in  an  air-strean.  Finally,  when 
he  has  passed  through  two  more  rooms,  he  reaches  the  assembly  shop. 

A  serious  problem  has  been  the  need  to  build  test  apparatus  with  an  ex¬ 
tremely  high  degree  of  accuracy.  This  cajrf  be  illustrated  by  the  following  in¬ 
stances  taken  from  the  experience  of  Ml nne apoll s -Honeyve  11 .  It  was  mentioned 
above  that  the  MIG  floating  gyroassembly  is  filled  with  helium.  Helium  seeping 
through  into  the  liquid  filling  the  housing  of  the  floating  gyroscope  creates 
sudden  moments  which  impair  the  accuracy  of  the  instrument,  since  helium  bubbles 
settling  on  the  gyroassembly  or  on  its  bearings  caure  p.  sudden  moment  as  a  result 
of  Imbalance,  which,  in  its  turn,  gives  rise  to  drift.  Special  mass-spectrome* 
trical  devices  have  been  constructed  to  detect  the  escape  of  helium  and  they  can 
measure  a  leakage  rate  of  1  cm^  in  30  years.  These  instruments  are  used  in  the 
assembly  shops. 

There  are  similar  devices  of  still  greater  sensitivity.  One  of  them,  ac¬ 
cording  to  available  literature,  can  measure  a  leak  of  1  cm^  in  3000  years. 

Another  vital  problem  is  to  remove  all  the  air  and  any  other  gas  from  the 
space  to  be  filled  with  liquid.  The  gyroscope  is  filled  in  a  vacuum.  Before  the 
operation,  the  gyroscope  is  heated  for  forty  hours  to  remove  the  air  and  other 
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gases.  Warmed  "fluorolube"  is  introduced  into  the  gyroscope  in  a  vacuum.  The 
process  of  filling  takes  ten  hours.  Figure  2.17  shows  the  work  bench  at  which  these 
operations  are  carried  out.  On  the  left-hand  bench  the  floating  gyroassenbly  is 


Fig.  2.17.  Photograph  of  work  bench  on  which  the  floating 
gyroassembly  is  tested  for  helium  leak  and  the 
HIG-5  is  filled  with  liquid  in  a  vacuum  under 
glass  Jars. 

being  tested  for  helium  leakage  with  a  mass-spectrometer.  On  the  right  can  be  seen 
two  pieces  of  apparatus  for  filling  the  Instruments.  The  gyroscopes  are  in  evacu¬ 
ated  glass  Jars .  Two  HIG-5  gyroscopes  can  be  seen  in  each  Jar.  The  filling  is 
carried  out  automatically. 
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Fig.  2.18.  Final  adjustment  and  testing  of  floating  gyroscope: 
l)  testing  stand. 
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current  lapreaeed  upon  Its  prlaary  and  aecondary  vlndlnga. 
^Approximate  value  of  acment  Kj  assumed  equal  to  the  product  B 

Thla  velocity  la  equal  to  one  revolution  In  15  dayi. 

Thle  velocity  la  equal  to  one  revolution  In  U  yeara. 
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Fig.  2.19.  Diagram  of  uniaxial  spatial  integrator  of  angular 
velocity  with  floating  integrating  gyroscope  and  servodrive: 
l)  microsyn-nickoff ;  2)  liquid  dar.per;  3)  gyroscope  frame;  k) 
gyroscope  rotor;  5)  microsyn-torquer;  6)  floating  gyroscope 
housing;  7)  part  fixing  gyroscope  housing  to  sh»ft  14  (which 
may  be  considered  as  a  unlaxially  stabilized  platform);  8)  ampli¬ 
fier;  y)  reducer;  10)  slave  motor;  ll)  flange;  12)  integrator 
(stabilizer)  housing;  13)  read-out  device;  14)  shaft  (input  axis 
of  integrator);  15)  brushes  and  contact  rings  for  picking  off 
output  voltage-signal  UQut  from  microsyn-pickoff;  l6)  brushes  and 
contact  rings  for  supplying  current  Icon  to  secondary  winding  of 
microsyn-torquer;  y)  input  axis  of  gyroscope  and  integrator;  x) 
output  axis  of  gyre  scope;  and  zQ)  initial  position  of  spin  axis  z. 


Each  operation  in  manufacturing  a  floating  gyroscope  needs  a  great  deal  of 
time  and  has  to  be  carried  out  with  the  greatest  care.  Production  of  the  MIG  is 
further  complicated  by  the  fact  that  during  its  manufacture  it  has  to  be  assembled 
and  dismantled  several  times.  The  most  critical  operations  in  the  assea&ly  of  the 
HIG-5  are: 

a)  checking  the  microsyn  rotor  and  stator  for  production  of  the  output  signal; 

b)  balancing  the  floating  gyroassembly; 

c)  selecting  the  journals  and  bearings; 

d)  testing  the  load  on  the  bearings  from  the  characteristics  of  the  gyromotor. 
All  these  operations  are  carried  out  before  the  instrument  is  filled  with 

liquid.  Since  the  comparatively  heavy  gyroassembly  is  supported  by  slender  journals 
of  tungsten  carbide  resting  on  Jewels  during  these  operations,  a  1  Jolt  can 
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destroy  both  the  Journals  and  the  Jevels.  Consequently,  this  process  has  to  be 

carried  out  with  the  greatest  caution. 

The  final  tests  also  take  up  a  great  deal  of  time.  It  requires  about  14  hr 
to  test  the  EOA,  7  hr  for  the  HIO-5,  2b  hr  for  the  HIG-6  and  24  hr  for  the  0337. 

It  Is  extremely  Important  to  choose  a  suitable  place  for  the  testa  since  one 
person  walking  across  a  concrete  floor  can  cause  enough  shaking  to  disrupt  the 
tests  completely.  Some  gyroscopes  are  tested  in  the  evening  when  there  are  fewer 
people  about  in  the  building.  The  turntable  platform  is  one  of  the  moat  important 

and  critical  pieces  of  test  apparatus. 

Figure  2.l3  gives  some  inprespj.cn  of  the  layout  and  equipment  required  for 
the  final  testing  of  floating  gyroscopes.  The  Instrument  undergoing  examination  is 

Mounted  on  the  pletforni  1# 

TqJ)le  3  gives  the  basic  characteristics  of  floating  Integrating  gyroscopes 
^  produced  by  different  firms . 

I  It  was  pointed  out  above  that  floating  Integrating  gyroscopes  are  most  suit- 

I 

i  for  use  as  the  aenaing  components  of  spatial  Integrators  of  angular  velocity 

Ivlth  aervodrives,  and  for  geometric  etabillzation  of  platforms  In  Inertial  apace, 

I  which  amounts  to  the  same  thing  In  effect.  Having  familiarized  ourselves  with  the 
!  design  of  the  floating  Integrating  gyroscope,  we  can  now  turn  to  consideration  of 
I  Its  use  In  the  integrator.  The  schematic  layout  of  an  angular-velocity  spatial 
j  integrator  with  an  Integrating  gyroscope  and  servodrive  is  Bbown  In  Fig.  2.19* 

|  The  floating  Integrating  gyroscope  la  represented  here  In  the  same  way  as  in  Fig. 

'  2.6.  In  principle  the  layout  is  not  In  any  way  different  from  those  shown  in  Figs. 
1.19  and  1.20.  The  only  difference  is  that  a  floating  integrating  gyroscope  is  used 
here  instead  of  an  ordinary  integrating  one.  The  gyro  housing  6  is  firmly  fixed 
by  7  to  the  axle  l4  which  is  the  output  axis  of  the  integrator.  The  input  axis  y 
of  the  gyroscope  coincides  with  the  Input  axis  of  the  integrator.  The  x  axis  of 
rotation  of  the  gyroassembly  is  perpendicular  to  the  jr  axis.  The  zQ  axis,  which 
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Is  the  Initial  position  of  the  spin  axis  _z,  Is  perpendicular  to  the  x  and  jr  axes, 
and  together  with  them  forms  a  trihedron.  All  the  axes  originate  at  the  point  C 
which  is  the  point  of  intersection  of  the  x  and  ^  axes.  In  principle  the  inte¬ 
grator  functions  in  exactly  the  same  way  ar  the  integrator  and  uniaxial  stabilizer 
with  an  ordinary  integrating  gyroscope  (Figs.  1.19  and  1.20),  described  in  Chapter 
1,  Section  7. 

The  floating  integrating  gyroscope  is  sensitive  to  considerably  smaller 
angular  velocities  than  the  ordinary  integrating  gyroscope  in  which  the  friction 
in  the  frame  bearings  is  extensive.  The  integrator  (stabilizer)  with  a  floating 
integrating  gyroscope,  therefore,  is  much  more  acc’.rate  as  an  Instrument.  We 
will  not  repeat  for  Fig.  2.19  everything  that  has  been  said  with  regard  to  the 
work  of  the  angular- velocity  spatial  integrator,  but  will  merely  point  out  the 
following.  Two  basic  regimes  should  be  distinguished  in  the  operation  of  the 
system;  the  geometric-stabilization  regime  and  the  spatial-integration  regime.  The 
geometric-stabilization  regime  is  the  automatic  maintenance  of  the  initial  orienta¬ 
tion  of  the  x  and  Zq  axes  connected  to  the  gyro  housing  in  inertial  space.  It  is 
assumed  in  this  connection  tnat  the  orientation  of  the  input  axis  ^  of  the  inte¬ 
grator  in'  Inertial  space  remains  unchanged,  irrespective  of  the  functioning  of 
the  integrator. 

Any  rotation  of  the  housing  12  of  the  integrator  about  the  jr  axis  in  inertial 

space  causes  a  voltage  U  at  the  output  of  the  microsyn-plckoff  1.  This  voltage 

~ out 

actuates  the  servodrive  which  will  keep  turning  the  component  7  (the  platform) 
with  the  gyroscope  housing  back  to  its  original  position,  thus  keeping  its  orien¬ 
tation  in  inertial  space  constant.  The  basic  characteristic  of  the  fixed  geometric- 
stabilization  regime  is  the  relationship  between  the  constant  values  of  the  angular 
velocity  «tra  of  rotation  of  the  integrator  housing  in  inertial  space  about  the 
Z  axis  and  the  corresponding  values  of  the  angular  velocity  of  rotation  of 

the  gyroscope  housing  about  the  integrator  housing  (  «tra  is  the  transfer  velocity 
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of  the  gyroscope  housing)  .  It  is  clear  that  in  an  ideal  integrator  the  values  of 
these  velocities  should  be  the  sace. 

The  spatial-integration  regime  is  the  coercive  rotation  of  component  7  (the 

platform),  in  other  words  the  gyroscope  and  connected  x  and  zQ  axes,  in  Inertial 

space  about  the  jr  axis  with  the  desired  angular  velocity  ut  .  This  rotation  is 

effected  by  supplying  a  current  lCQn  to  the  secondary  windings  of  the  microsyn- 

corrector  5.  As  was  described  above,  in  this  case  the  gyroscope  housing  rotates 

in  inertial  space  about  the  ^  axis  with  an  angular  velocity  lu  proportional  to  the 

current  lCQn.  The  angle  of  rotation  about  the  %  axis  will  be  proportional  to  the 

integral  of  the  current  I  with  respect  tc  time.  The  basic  characteristic  of 

~ con 

the  fixed  spatial-integration  regime  is  the  dependence  between  the  constant  values 
of  the  current  1^  and  the  corresponding  values  of  the  angular  velocity  w  . 

Thus  the  study  of  integrating  floating  gyroscopes  intended  for  use  in  Inte¬ 
grators  and  stabilizers  of  the  type  we  have  considered  should  be  conducted  with 
respect  to  these  two  regimes. 

Section  2.  Differentiating  Gyroscopes 

It  has  been  stated  above  that  at  the  present  time  the  best-perfected  form  of 
differentiating  gyroscope  is  the  floating  differentiating  gyroscope.  This  instru¬ 
ment  differs  from  the  floating  integrating  gyroscope  by  the  presence  of  a  component, 
either  electrical  or  mechanical,  which  Is  intended  to  impose  upon  the  floating 
gyroassembly  a  moment  proportional  to  the  angle  of  deflection  0  of  the  gyroasr.em- 
bly  from  its  Initial  position,  corresponding  to  a  zero  value  of  the  measured  angular 
velocity  a>  and  tending  to  return  it  to  the  initial  position.  As  a  component  of 
this  kind,  we  can  use  a  torsion  rod  made  of  any  material  with  good  elastic  proper¬ 
ties,  which,  incidentally,  are  the  same  under  torque  towards  either  side  within 
the  working  range  of  angles  of  twist. 

Figure  2.20  shows  the  construction  of  a  floating  differentiating  gyroscope 
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1)  torsion  rod 


vith  a  torsion  rod,  designed  by  the  Massachusetts  Institute  of  Technology.  In 
design  this  instrument  is  on  the  whole  similar  to  the  floating  integrating  gyro¬ 
scope  shown  in  Fig.  2.7-  The  main  difference  is  that  the  right-hand  support  of 
the  floating  gyroassembly  is  made  in  the  fora  of  an  elastic  torsion  rod  1.  The 
other  end  of  the  torsion  rod,  which  is  elongated  and  cylindrical,  is  rigidly  fixed 
to  the  gyroaaaeably.  The  right-hand  end  of  the  rod,  which  ia  spherical,  is  rigidly 
fixed  to  the  instrument  housing  by  means  of  s  conical  clamp. 

The  central,  elastic,  part  of  the  torsion  rod  (the  working  part)  smoothly 
opens  out  into  the  thicker  ends  which  serve  to  hold  it.  In  this  way  the  torsion  rod 
fulfills  two  functions  at  the  same  time:  firstly,  it  ia  a  support  (on  the  right- 
hand  side  in  Fig.  2.20)  for  the  floating  gyroassembly,  and,  secondly,  when  the 
gyroassembly  departs  from  its  initial  position,  it  imposes  on  it  a  moment  propor¬ 
tional  to  the  angle  of  deflection,  tending  to  return  the  assembly  to  Its  Initial 
position,  i.e..  It  acta  as  does  the  sprlrg  4  In  the  differentiating  gyroscope  In 
1  Fig.  1.17. 

In  the  design  shown  there  ia  no  corrector.  A  aicrosyn  is  used  as  the  detec- 

( 

tor,  as  in  the  floating  Integrating  gyroscope.  Its  component  parts  can  clearly  be 
j  seen  In  Fig.  2.l4  to  the  left  of  the  floating  gyroassembly. 

The  principle  of  this  type  of  floating  differentiating  gyroscope  is  shewn 
in  Fig.  2.21,  but  for  the  sake  of  consistency  a  mlcrosyn-corrector  has  also  been 
i  Included  In  this  figure. 

It  Is  also  possible  to  have  differentiaing  gyroscope  designs  which  use  some 
kind  of  electrical  arrangement  Instead  of  a  toreion  rod.  One  such  version  (with  a 
feedback  circuit)  vj.11  be  examined  later  on  when  we  deal  with  the  theory  of  the 
floating  differentiating  gyroscope. 

Tables  4  and  5  contain  the  basic  characteristics  of  the  floating  differentia¬ 
ting  gyroscope  with  torsion  rod,  Type  lo\  Ho.  55,  depicted  In  Fig.  2.20. 
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Fig.  2.21.  Principle  of  floating  differentiating  gyroscope  with  torsion 
rod:  l)  Instrument  housing;  2)  torsion  rod;  3)  mlcrosyn-torquer;  4) 
gyroscope  frame;  5)  gyroscope  rotor;  6)  microsyn-pickof f ;  7)  floating 
gyro assembly  bearings;  8)  liquid  damper;  input  (measurement)  axis  of 
Instrument;  x)  output  axis;  z)  spin  axis;  zQ)  Initial  position  of  gyro¬ 
scope  spin  axis  z;  axes  OxyzQ  are  connected  to  the  Instrument  housing. 


Table  4. 


Values  determined  prior  to  final  assembly  of  device 


Ho.  Designation 

* 

Symbol 

Dimensions 

Theoretical 

Value 

Measured 

Value 

1  Weight  of  gyroscope  rotor 

gf 

11.79 

11.84 

2  Axial  moment  cf  Inertia  of 
gyroscope  rotor 

c 

2 

gf-cm-sec 

0.0122 

0.0123 

3  Proper-rotational  velocity  of 
rotor  for  400- cycle  feed 
current 

Q 

rpo 

8000 

Gooo 

4  Angular  momentum  of  gyroscope 

H 

gf-cm-  sec 

10.19 

10.25 

5  Weight  of  floating  gyroassembly 

gf 

51.8 

52.4 

6  Moment  of  inertia  of  floating 
gyroassembly  with  respect  to 
its  2  axis  of  rotation 

J 

2 

gf-  cm -sec 

0.035 

0.036 
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Table  4.  (Continued) 


Ho. 

Designation 

Symbol 

Dimensions 

The oretical 
Value 

Measured 

Value 

1 

Maximal  angle  of  rotation  of 
floating  gyroasiembly  from 
ita  initial  position  with 
respect  to  instrument  housing 
(as  permitted  by  stops) 

0 

max 

degrees 

12.5 

i2-5 

B 

Radial  clearance  of  damper 

» 

win 

0.254 

0.272 

B 

Specific  gravity  of  fluid 

V 

gf/cnr* 

1.93  *  4 

1.912 

10 

Viscosity  of  fluid  at 

71.1  c 

n 

centipoiees 

230  ♦  4 

232 

11 

Specific  damping  moment 

-i  >  SdP 

gf-cm 

rad/sec 

5.1 

4.7 

£f-c» 

°/min 

1.46-10-3 

1.36-10-3 

(calcu¬ 

lated) 

12 

Haturul  undamped  frequency 
of  floating  gyroassembly  in 
absence  of  damping  liquid 

-fo 

cpa 

19 

20 

13 

Sensitivity  of  microsyn- 
pickcff  for  excitation 
current  of  250  ma  400  cps 

k  u 

0'  Hout 

mv/mrad 

volts/deg 

42 

0-732 

40 

O.698 

14 

Ratio  of  output  voltage 
^  of  microayn-pickoff  to 

product  rx  fp  /3(XeX 

f  are  the  magnitude  and 
-P 

frequency  of  the  excitation 
current,  and  0  is  the  angle 
of  rotation  of  the  floating 
gyroaciembly) 

c 

-p 

mv/ma  cps  rad 

mv/ma  cps  deg 

0.42 

7.32-10-3 

0.40 

6.98-10"3 

Table  5. 


Values  determined  after  complete  assembly  of  device 


Ho. 

Designation 

Symbol 

Dimensions 

Theoretical 

Value 

Measured 

Value 

1 

Riase  voltage  of  gyromotor 
supply 

Hph 

volts 

3-5 

4.0 
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Table  c>.  (Continued) 


No. 

Designation 

Symbol 

Dimensions 

Theoretical 

"ensured 

Value 

Value 

2 

Frequency  of  gyromotor  cur¬ 
rent  supply 

f 

-gyr 

cps 

400  +  0.4 

400  ♦_  0.04 

3 

Fhas**  current  of  gyromotor 

-ph 

anp 

0.55 

0.6 

4 

Temperature  in  damper  gup 

r 

0  c 

71.1  ♦  1.1 

71.1 

5 

Rigidity  of  tor 6 ion  rod 

k 

gf*cm/rod 

494 

515 

gf •cm/deg 

8.62 

8.98 

6 

Natural  undamped  frequency 
of  floating  gyroassembly 
after  housing  is  filled 

£0 

cps 

19 

25.2 

• 

with  liquid 

7 

Damping  ratio  (ratio  of 
tone  damping  factor  to 
critical  damping  factor) 

b 

0.6l4 

0A36 

8 

Maximum  value  of  detectable 

U> 

max 

rad/sec  rpm 

2 

1-95 

angular  velocity  (limited 
by  mechanical  means) 

19.1 

18.6 

9 

Minimum  value  of  de- 

“’min 

rad/ sec 

0.17 

tectable  angular  velocity 

9-75 

(see  Chapter  V) 

/sec 

10 

Ratio  of  output  voltage 
microayn-pickoff  to 

-  w  ,  U 
’  -out 

mv 

rad/ se  c 

as 

00 

0 

819 

input  angular  velocity  a 

mv 

0.241 

0.238 

°/min 

11 

Drift  velocity  caused  by 
displacement  of  torsion  roc. 

rad/ sec 

0.001 

0.0026 

from  center  (zero)  position 
(see  Chapter  V,  Section  5) 

12 

Drift  velocity  caused  by 
moments  unaccountable  be¬ 
cause  of  their  random  nature 

rad/ sec 

0.0005 

0.0007 

13 

Mechanical  hysteresis  of 
torsion  rod  in  units  of 
equivalent  input  jugular 
velocities 

rad/ sec 

0.0003 

0.0001 
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On  the  basis  of  Tables  4  and  5  ve  can  drav  the  following  conclusions  with 
regard  to  the  floating  differentiating  gyroscope  with  elastic  torsion  rod  No.  55 • 
The  moat  characteristic  feature  of  this  instrument  is  the  comparatively  high  mini¬ 
mum  detectable  angular  Telocity,  0.17  rad/sec.,  and  the.  low  value  of  the 


ratio 


max  _ 


=  11.5. 

0.17 


I  min  w  min 

The  comparatively  high  value  of  *•  n  doea  not  mean  at  all  that  the  instru¬ 
ment  does  not  react  to  angular  velocities  less  than  The  point  is  that  at 

angular  velocities  smaller  than  the  proportionality  coefficient  between  the 

|  output  voltage  nicroeyn-detector  and  the  measured  angular  velocity 

will  be  a  variable  value  and,  to  a  certain  extent,  a  random  one.  In  the  case  of 
.  angular  velocities  «*  within  the  range  u  m1n  <  u  £  u  max,  this  coefficient  can  be 

i 

|  considered  constant  for  practical  purposes. 

Later  on  ve  shall  show  that  in  this  respect  the  floating  differentiating 

I 

gyroscope  with  a  feedback  circuit  is  considerably  more  efficient;  its  «  min  is 

o>, 

equal  to  0.0009  red/sec  cu  equal  to  1.8  rad/sec,  and,  consequently  — 


max 


2000. 


min 


The  floating  differentiating  gyroscope  requires  a  considerably  smaller 
specific  damping  moment,  and  consequently,  a  less  viscous  liquid  than  the  floating 

Integrating  gyroscope.  This  is  because  the  moment  created  by  the  damper  is  util- 

! 

lzeff  in  the  integrating  gyroscope  as  a  counteracting  moment  and  has  to  be  large  if 
■the  instrument  la  to  function  properly.  In  the  differentiating  gyroscope,  however, 
this  moment  is  used  solely  to  dampen  the  vibrations  of  the  floating  gyroassembly. 

It  can  be  seen  from  the  Tables  that  the  specific  damping  moment  of  the  differenti¬ 
ating  gyroscope  la  one  quarter  of  its  value  in  the  integrating  gyroscope  and  the 
|  viscosity  is  one  third  as  much. 

Figure  2.22  shown  an  external  view  of  two  floating  differentiating  gyro- 

! 

scopes,  types  JR  and  K,  made  by  Mlnneapolia-Honeyvell.  According  to  the  advertise¬ 
ments,  both  these  instruments  ensure  a  proportional  dependence  between  the  output 
signal  and  tbs  input  angular  velocity  in  the  working  range  with  an  accuracy  of 
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+0.2 5jl  o f  toe  upper  limit  of  measurement, 
and  withstand  excess  load  through  vibra¬ 
tion  up  to  15  g  at  frequencies  up  to 
2000  cps.  The  JR  withstands  impact  loads 
VP  to  100  g  applied  to  any  plane,  vhlle 
the  type  X  withstands  similar  loads  up  to 
30  g.  Type  X  velghs  1.64  kg  and  has 
the  dimensions  8l.3  (diam.)X  146  mm;  it 
is  Intended  for  the  control  and  homing  of 
guided  missiles,  and  also  for  aircraft. 

In  order  that  the  instrument  nay  be  cor¬ 
rectly  Installed,  the  mounting  flange  2, 
as  in  other  floating  gyroscopes,  is 
marked  with  a  graduation  line  1  which 
|  Indicates  the  diametric  plane  of  the  output  (measurement)  axis  of  the  Instrument. 
Above  the  line  is  a  plate  3  with  the  words  "Output  Axis"  and  in  addition  there  Is  a 
dot  with  an  arrow  round  it  showing  the  direction  of  positive  rotation  about  the 

l 

Input  axis.  J 

i  g  1 

Type  JR  has  an  angular  momentum  of  E  >  10  g-cm^-sec-^  at  1020  gf-cm-sec  and 

is  equipped  with  a  compensating  arrangement  which  maintains  the  damping  coefficient 
constant  without  heating.  The  dimensions  are  20.8  (dlam.)  X  85.7  mm,  and  the 
I  starting  time  Is  less  than  one  minute,  Bie  instrument  is  designed  for  tactical 
j  weapon  systems,  which  apparently  explains  its  comparatively  high  kinetic  moment 

I 

in  relation  to  the  small  size. 

Figure  2.23  shows  a  patented  design  (Wendt  H.  C.  GEC,  US  Patent,  Class  74-5.7, 
Bo.  2,731,036  of  1/24/1956)  for  a  floating  differentiating  gyroscope  with  a  two- 
rotor  asynchronous  gyromotor,  similar  to  one  developed  and  constructed  by  7.  A. 

Pavlov  in  1949*  The  .■•eiu  aim  of  this  particular  design  is  to  reduce  the  error 

1 

1 22 


w 


i  Fig.  2.22.  External  view  of  the  Minne¬ 
apolis -Honeywell  floating 
differentiating  gyroscopes : 
(a)  type  JR;  (b)  type  X; 

1)  graduation  line;  2) “mount¬ 
ing  flange;  3)  plate. 
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Fig.  2.23.  Floating  differentiating  gyroscope  with  two-rotor 
gyromotor:  l)  instrument  housing;  2)  and  10)  inner  walls  o 

housing;  3)  and  11)  gyroassembly  bearings;  k)  and  19)  squirrel- 
cages  of  rotor;  5)  stator  winding;  6)  rotor  axl«;  7)  and  16) 
rotors;  8)  and  15)  laminated  stators  of  gyromotor;  9)  4150 
biwHa  in  one  piece  with  socket;  18)  and  12)  spiral  spring;  13) 
and  21)  Journals  of  gyroassembly  (gyro  frame);  14)  parts 
holding  gyromotor  (disc  9);  17)  rotor  bearings;  18)  socket 
in  one  piece  with  disc  9 >  20)  cylindrical  shell;  22) 
pickoff;  23)  block  with  pins. 

caused  by  asymmetry  of  the  parts  of  the  ordinary  single -rotor  gyromotor  with 


I  respect  to  the  plane  passing  through  the  axis  of  rotation  of  the  gyroscope  frame 
!  perpendicular  to  the  axis  of  rotation  of  the  rotor.  The  gyromotor  la  mounted  on 
'the  disc  9  which  is  made  in  one  piece  vith  the  socket  18.  The  disc  9  Is  held  by 
j  two  identical  parts  14  and  together  with  them,  from  the  kinematic  standpoint, 
forms  the  gyro  frame.  The  parts  14  are  enclosed  in  a  hermetically-sealed  cylind- 


:  rical  shell  20,  which  together  with  the  gyromotor  forms  the  floating  gyroassembly. 
Its  Journals  13  and  21  are  mounted  in  the  bearings  3  and  11  in  the  'nil  2  and  10 
of  the  instrument  housing  1.  The  space  between  the  shell  of  the  floating  gyro- 


assembly  and  the  instrument  housing  is  filled  with  liquid.  The  elastic  couoterac 


ing  moment  is  created  by  the  spiral  spring  12,  one  end  of  which  is  attached  to  the 
journal  13  and  the  other  to  the  wall  10  of  the  instrument.  The  pickoff  22,  which 
is  similar  to  the  microsyn-pickoff  examined  earlier,  generates  output  signal.  The 
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pins  In  the  block  23  are  used  to  supply  current  and  to  pick  off  the  output  signal. 

The  stator  consists  of  two  sets  of  Identical  laminations  8  and  15  attached 
to  the  socket  18,  with  the  common  winding  5  arounl them.  This  design  is  disting¬ 
uished  by  having  one  common  winding  rather  than  two  separate  ones.  It  is  not  al¬ 
together  easy  to  make  a  stator  of  this  kind  but  the  advantages  of  the  symmetrical 

I 

arrangement  and  the  more  uniform  distribution  of  the  winding  make  up  for  this. 

The  double  stator  with  a  single  winding  takes  up  considerably  less  room  than  one 
with  separate  windings.  The  laminations  can  be  nearer  the  center  of  the  instru¬ 
ment  since  there  are  no  windings  on  the  adjacent  sides  of  the  sets  of  laminations. 
In  consequence,  the  over-all  length  of  the  rotor  is  also  reduced. 

Each  aet  of  laminations  is  encsaed  by  Its  own  rotor.  The  rotors  7  and  16 
are  identical;  they  are  bell -shaped  and  are  attached  to  the  common  axle  6  mounted 
in  the  bearing  17  Indicated  sketchily  In  the  drawing.  The  squirrel-cages  4  and  19 
fit  Into  the  rotors.  Thus  the  gyromctor  consists  of  two  asynchronous  motors,  the 
rotors  of  which  are  attached  to  a  common  axle  and  the  stators  of  which  have  a 
canon  winding.  This  kind  of  gyromotor  is  little  affected  by  loss  of  balance 
i through  variation  in  temperature,  and  is  almost  entirely  free  from  the  influence 

i  of  asymmetrical  forces  and  pressures  of  various  kinds  which  arise  in  an  ordinary 

I 

single -rotor  gyromotor. 

According  to  information  contained  in  advertisements,  the  Oiannini  firm  pro¬ 
duces  a  medium-sired  floating  differentiating  gyroscope.  Ho.  36128,  intended  for 
aircraft  and  missile  guidance,  and  for  telemetering  as  well.  The  liquid  used  to 
n  the  instrument  is  oil  (apparently  silicone  oil).  It  has  an  internal  electri¬ 
cal  heating  unit  which  keeps  the  temperature  of  the  oil  constant  over  a  wide 
range  of  outside  temperatures.  The  damping  coefficient  is  thus  kept  the  same. 

The  gyroscope  works  on  400-cpa  three-phase  alternating  current.  Either  a  potentio¬ 
meter-detector  made  of  precious  metal  or  a  standard  aelayn  is  used  to  obtain  an 
output  signal.  In  either  case  the  output  signals  are  high-level  and  can  be  used 
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to  measure  angular  velocities  or  for  automatic  control,  either  directly  or  after 
slight  amplification.  Hie  instrument  has  a  damping  ratio  of  0.5  to  0.6,  and  is 
suitable  for  the  measurement  of  angular  velocities  ranging  fron  15  to  250  /sec 
(0.262  to  4.36  rad/sec).  As  usual,  angular  displacements  of  the  floating  gyro- 
assembly  are  limited  by  mechanical  stops.  As  in  the  case  of  any  floating  gyro¬ 
scope,  the  instrument  can  withstand  great  vibrational  and  impact  loads. 

Hw  imar  Company  produces  an  ultra-accurate  miniature  floating  differentia¬ 
ting  gyroscope  (dlarn.  38*1  nm,  length  J6.S  mm  and  weight  31®  gf)*  ’Oils  Is  type 
2157-F,  the  design  of  which  differs  slightly  from  the  normal.  The  instrument  has 
an  improved  .orsion  rod  which  is  parti cularly  rigid  in  a  transverse  direction; 
this  fact  considerably  helpa  to  remove  errors  brought  about  by  transverae  deforma¬ 
tion  of  the  normal- type  torsion  rod.  All  parts  which  Join  together  are  made  from 
materials  with  matching  linear  coefficients  of  expansion.  This  helps  to  eliminate 
errors  and,  in  particular,  loss  of  balance  by  the  gyroassembly  through  change  in 
the  dimensions  of  the  parts  due  to  temperature,  and  makes  it  possible  to  have  a 
zero  point  which  for  practical  purposes  is  independent  of  outside  temperature. 

The  task  of  keeping  the  damping  factor  constant  from  -54  to  +74°  C  has  been 
similarly  solved  in  principle. 

Vibrations  of  the  floating  gyroassembly  are  damped  by  means  of  two  hydraulic 
dampers  which  consist  of  thin  steel  cylinders  filled  with  a  special  viscous 
liquid  and  their  plungers.  The  material  from  which  the  damper  parte  are  made  and 
the  viscous  liquid  are  selected  so  uhat  in  practice  temperature  changes  do  not 
affect  the  damping  factor.  This  can  be  done  in  the  following  way:  the  damping 
factor  is  directly  proportional  to  the  viscosity  of  the  liquid  and  inversely  pro* 
portional  to  the  square  of  the  gap  between  the  cylinder  and  plunger.  Since  the 
viscosity  is  increased  as  the  temperature  falls,  to  prevent  the  damping  factor 
depending  to  any  extent  on  the  temperature,  the  gap  has  to  decrease  as  the  temper¬ 
ature  increases,  and  vice  versa.  For  this  to  happen,  the  coefficient  of  linear 
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expansion  a^  of  the  plunger  must  be  greater  than  the  corresponding  coefficient  of 

the  cylinder  material  acy.  It  Is  advisable  to  use  a  material  for  the  cylinder  In 

which  a  m  0,  and  for  the  plunger,  one  In  which  a  ,  ensures  the  requisite  change 
-cy  “P-L 

In  the  gap,  with  temperature. 

This  arrangement  has  made  It  unnecessary  to  have  an  electric  heater  and  temper¬ 
ature  control  system  In  the  Instrument,  and  this  has  to  a  certain  extent  made  It 
possible  to  simplify  Its  design  and  operation.  The  output  signal  Is  obtained  from 
an  electromagnetic  detector  without  sliding  contacts.  According  to  data  supplied 
by  the  firm  the  Instrument  has  an  extremely  low  threshold  of  sensitivity,  ap¬ 
proaching  zero. 

The  floating  differentiating  gyroscopes  which  we  have  considered  by  no  means 
exhaust  all  the  possible  variations  In  design,  which  are  extremely  diverse. 


Section  3.  Floating  Gyroscopes  With  Three  Degrees  of  Freedom 

Alongside  the  continual  perfecting  and  ever  wider  application  of  floating 
gyroscopes  with  two  degrees  of  freedom,  research  Is  being  carried  out  at  present 
in  the  construction  of  suitable  floating  gyroscopes  with  three  degrees  of  freedom 
which  will  react  to  angular  displacements  about  two  mutually  perpendicular  axes. 
They  are  designed  to  work  together  with  servodrives,  which  ensures  that  the  Instru¬ 
ment  housing  remains  practically  unchanged  in  position  with  respect  to  the  spin 
axis  throughout  the  operation  of  the  instrument,  thereby  ensuring  a  high  degree 
of  precision. 

As  en  example  of  this  type  of  design  we  will  take  a  gyroscope  manufactured 
by  the  Anna  Bose.’.  Corp.,  shown  in  Fig.  2. 24.  In  this  gyroscope  there  is  practi¬ 
cally  complete  suspension  of  the  gyroassembly  without  the  use  of  any  gimbal  bear¬ 
ings,  which  ensures  that  the  drift  does  not  exceed  0.1°/hr. 

As  is  clear  from  Fig.  2.24,  the  gyroscope  is  constructed  in  the  following  way. 

126 
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The  two-rotor  motor  (only  one  rotor  1  can  be  seen  In  the  diagram)  la  plftced  inside 
•  hermetically-sealed  shell  float  4,  which  from  the  kinematic  standpoint  rep  re¬ 
gents  the  inner  gimbal  frame.  The  shell  float  is  constructed  of  two  mushroom¬ 
shaped  parts,  a  central  cylinder  and  two  lateral  cross  pieces  9,  and  together  with 
the  gyroaotor  forms  the  floating  gyroassembly  4. 

The  central  cylindrical  section  of  the  gyroassembly  is  encircled  by  a  ring  8, 
which  is  a  kind  of  outer  gimbal.  The  cross  pieces  9  are  on  the  outeide  of  the 

ring  8.  The  gyroassembly  4  is  suspended 
on  two  sides  from  the  ring  by  two  thin 
metal  vires  10,  which  are  perpendicular 
to  the  spin  axis  z,  and  form,  as  it  were, 
the  x  axis  of  rotation  of  the  gimbal 
frame.  Thus,  these  thin  wires  replace 
the  Journals  and  bearings  of  the  gimbal 
frame  used  in  ordinary  gyroscopes.  The 
ring  8,  with  the  gyroassembly  4  suspend¬ 
ed  from  it,  is  in  turn  suspended  by  thin 
wires  7  and  12  from  the  spherical  instru¬ 
ment  housing  5.  These  wires  form  the 
Y  axis  of  rotation  of  \he  outer  gimbal 
frame  and  replace  the  usual  Journals  and 
hearings.  All  three  axes  are  mutually  perpendicular  and  intersect  at  one  point, 
which  is  the  fixed  point  of  the  gyroscope. 

The  inner  apace  between  the  housing  5  and  the  gyroassembly  4  is  filled  with  a 
liquid  whose  specific  gravity  is  such  that  the  gyroassembly  and  the  ring  8  are  in 
a  atate  of  neutral  equilibrium,  i.e.,  in  a  state  of  complete  suspension.  Under 
these  conditions  the  gyroaasembly  hardly  exerts  any  load  at  all  on  the  suspension 
vires.  The  negligibly  small  load  which  does  act  on  these  wires  is  .solely  due  to 


Fig.  2.24.  Floating  gyroscope  with 
three  degrees  of  freedom:  l)  one 
rotor  of  a  two-rotor  gyro  motor  (the 
j  other  is  not  shown);  2)  pickoff; 

1  3)  pickoff  magnet;  4)  floating  gyro- 

1  assembly;  9)  instrument  housing;  6) 
and  11)  leads;  7),  10),  12)  sus- 
pension  wires;  9)  ring;  9)  cross 
pieces . 
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the  fact  that  the  gyroasaembly  ia  not  ideally  suspended.  Hence,  the  vork  of  the 
vires  Is  to  center  the  gyroasaeably  with  respect  to  the  ring  8,  and  to  center  the 
ring  8  together  vith  the  gyroasaeably  vith  respect  to  the  housing  5- 

Current  is  supplied  to  the  gyromotor  through  the  spiral  leads  6,  11  and  12. 

A  c cabined  detector  ia  used  to  pick  off  the  output  signals  proportional  to  the 
angles  of  rotation  about  the  x  and  Y  axes;  one  section  of  it  is  a  permanent  magnet 
3,  fixed  inside  the  gyroassembly  4,  and  the  other  section  is  attached  to  the 
housing  5.  When  the  axis  of  the  magnet  coincides  vith  the  centerpolnt  of  the  out¬ 
side  of  the  detector,  the  output  signal  is  equal  to  zero.  Whenever  the  housing  5 
turns  vith  respect  to  either  pair  of  suspension  Ires,  or  both  pairs  of  vire3 
simultaneously,  the  centerpolnt  of  the  outside  of  the  detector  is  displaced  rela¬ 
tive  to  the  magnet  axis  3  and  a  signal  ia  produced  at  the  output  of  the  detector 
proportional  to  the  angle  through  vhich  the  housing  has  turned  about  the  x  and  Y 
axes. 

A  great  advantage  of  this  design  is  the  absence  of  gimbal  bearings  and,  con¬ 
sequently,  friction  moments  In  the  gimbal  axes  causing  drift  that  is  to  a  great 

extent  unaccountable  and,  therefore,  uncompensatable. 

i 

The  gyroscope  is  mounted  on  a  platform  stabilized  along  tvo  axes  by  servo- 
drives  vhich  are  svitched  on  and  off  by  the  output  signals.  As  in  the  case  of  the 
floating  integrating  gyroscope,  the  use  of  servodrives  makes  it  possible  in  stabil¬ 
izing  the  platform  to  keep  to  very  small  angles  of  rotation  of  the  gyroscope 
housing  vith  respect  to  its  initial  position  since  they  are  determined  by  the 
amplification  factor  of  the  amplifiers,  the  capacity  and  working  speed  of  the 
aervodrives . 

This  instrument,  like  any  floating  gyroscope,  can  be  expected  to  vithstand  a 
great  deal  of  vibration  and  to  resist  impact  loads  to  a  high  degree. 

This  gyroscope  vas  developed  for  the  express  purpose  of  constructing  a  minia¬ 
ture  aircraft  gyroscope  able  to  vork  on  the  principle  of  the  marine  coapaaa  and 

126 
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■Iso  »  ■  guiding  gyroscope.  When  It  is  to  be  used  es  a  guiding  gyroscope,  the 
pendulum  action  can  be  eliminated  vithout  any  disturbing  momenta  being  imposed. 
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CHAPTER  III 


THEORY  OP  THE  FLOAT  11*3  D1TBGRATIRG  GYROSCOPE 

The  present  chapter  deals  with  the  fundamentals  of  the  theory  of  the  floating 
Integrating  gyroscope,  taking  Into  account  the  characteristic  features  of  Its  de¬ 
sign  and  singling  out  the  parameters  of  Interest  frcm  the  standpoint  of  practical 
application,  testing,  and  Integration  of  the  test  results. 

The  standard  design  and  working  principle  of  this  Instrument  are  shown  In 
Pigs.  2.2  and  2.6.  It  should  be  recalled  that  In  these  diagrams  the  x,  j  and  Zq 
axes  are  connected  to  the  Instrument  housing;  z  Is  the  spin  axis  of  the  gyroscope, 

i 

jr  is  the  input  (measurement)  axis,  and  x  is  the  output  axis;  £q  Is  the  Initial  posi¬ 
tion  of  the  spin  axis  £  corresponding  to  zero  values  of  the  input  wngninr  velocity 
j  •»,  the  output  voltage  Uout  of  the  mlcrosyn-pickoff,  and  the  control  current  1^ 

'OC  the  microsyn-torquer.  ff  designates  the  angle  of  deflection  of  the  spin  axis 
from  its  Initial  position.  In  Figs.  2.2  and  2.6  this  angle  Is  shown  in  the  positive 
sense  of  its  vector.  The  same  designations  are  adopted  In  Pig.  3.1.  Henceforth, 
when  considering  both  Individual  parts  of  the  Instrument  as  veil  as  the  instrument 
as  a  whole,  ve  shall  use  the  concept  "amplification  factor."  In  so  doing  we  shall 
take  the  amplification  factor  of  a  part  to  mean  the  ratio  between  the  value  obtained 
at__lts  output  and  the  value  reaching  Its  Input  in  the  steady  state.  Let  us  use  the 
following  symbols  to  express  this:  input  value;  x^--  output  value;  and 

^#in*  Sout —  factor.  Then,  according  to  our  definition 
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The  amplification  factor  may  be  constant  or  variable.  In  our  theoretical 
arguments  ve  shall  take  the  amplification  factors  to  be  constant. 


Section  1.  Differential  Equation  of  Motion  of  the  Floating  Gyro  assembly. 

The  floating  integrating  gyroscope  consists  of  the  following  basic  components: 

1.  Floating  gyroas8embly 

2.  Damper 

3.  Torquer  (torque  generator) 

4.  Pickoff 

Various  types  of  pickoff s  and  torquers  are  used  in  floating  gyroscopes,  but 
the  microsyns  discussed  in  Chapter  II  are  the  commonest.  From  now  on  we  will  con¬ 
sider  that  microsyns  are  used  as  the  detectors  and  torquers  in  order  to  keep  our 
discussion  consistent  with  what  haw  gone  before. 

Let  us  consider  the  basic  relationships  of  the  components  of  the  floating 
integrating  gyroscope. 

1.  Floating  Gyroassembly 

Let  us  use  the  following  symbols  (Fig.  3*1): 

m  rad/aec  is  the  angular  velocity  of  the  instrument  housing  about  the  input 
(measurement)  axis  £,  equal  to  the  projection  of  the  instantaneous  absolute  angular 
velocity  of  the  instrument  housing  onto  the  input  axis  £.  This  velocity  is  con¬ 
sidered  positive  when  its  vector  coincides  with  the  positive  direction  of  the  £ 
axis; 
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« _  rad/ sec  1*  the  projection  of  the  Instantaneous  absolute  angular  velocity 

=0 

of  the  Instrument  housing  onto  the  Zq  axis.  The  velocity  *  iq  considered  posi¬ 
tive  when  its  vector  coincides  with  the  positive  direction  of  the  7q  axis; 

E  gf-cm— sec  is  the  angular  momentum  of  the  gyroscope. 

Whan  the  Instrument  housing  rotates  vith  angular  velocities  of  •»  and  «*2  , 

-0 

a  gyroscopic  moment  G  is  created  (Fig.  3*l)»  on  the  basis  of  Formula  (l.2) 

*-  mm  —  Hm  cos  p  +•//»,.  sin  p.  (3*2) 

Factoring  the  product  Hw  in  the  second  expression,  ve  obtain 

c  mm—H»[ cos? — (3»3) 

The  floating  gyro  assembly,  as  veil 
as  the  instrument  as  a  whole,  is  designed 
to  detect  the  angular  velocity  w  alone. 
To  make  this  possible,  the  gyroscopic 
■mint,  which  is  the  motive  moment  of 
t-he  instrument,  must  be  a  function  of 
the  angular  velocity  »  alone.  As  Is 
clear  from  Equality  (3»3)/  this  can  only 
be  the  case  when  8-0,  for  only  In  this 
case  is 

G*  -H*  (3»*0 

i.e., there  is  one  single  value  of  G  for  each  value  of**  .  When  the  values  of  *» 
su*e  positive,  the  gyroscopic  moment  G  is  directed  along  the  x  axis  (see  Fig.  3»l)* 
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Fig.  3'.1*  Derivation  of  equation 
of  motion  of  floating  gyroscope. 

l)  Instrument  housing;  2)  floating 
gyroassembly;  3)  gyroscope  rotor. 
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But  if  0  jt  0,  the  gyroscopic  moment  vlll  depend  in  addition  on  w  and  £  , 

— O 

which  is  not  at  all  desirable. 

Thus,  even  if  *  =  0,  when  0  +  0  there  vill  be  different  gyroscopic  mo- 

*0 

ments  (equal  to  —  H  «  cos  0  )  for  the  same  values  of  the  angular  velocity  »  at 
different  values  of  the  angle  0  ,  i.e.,  the  greater  the  angle  0  ,  the  smaller  they 
will  be.  Since  the  floating  integrating  gyroscope  is  used  solely  for  detection  of 
the  angular  velocity  cu  ,  it  is  essential  when  using  it  to  ensure  conditions  under 
which  the  gyroscopic  moment  depends  solely  on  »  with  a  high  degree  of  accuracy. 

For  this  purpose  the  angle  0  must  remain  Insignificantly  small  -  approaching 
aero  -  the  whole  time  the  instrument  is  working. 

The  angular  momentum  of  the  gyroscope  H  can  be  considered  as  the  amplification 
factor  of  the  floating  gyroassembly. 

2.  Damper 

t 

|  It  has  been  pointed  out  that  the  floating  integrating  gyroscope  uses  a  liquid 
damper.  The  basic  components  are  shown  separately  in  Fig.  3.2.  Let  us  use  the 
I  following  designations: 

1  Is  the  length  of  the  longer  (the  length  of  the  gyroassembly  shell)  in 

I 

cm, 

I 

r  lathe  outer  radius  of  the  gyroassembly  shell  in  cm, 

I  “ 

I  la  the  gap  between  the  shell  and  the  Instrument  housing  in  cm, 

0  is  the  angular  velocity  of  the  floating  gyroassembly  wit.h  respect  to  the 
Instrument  housing  about  the  x  axis  (it  is  considered  positive  when 
its  vector  is  directed  along  the  negative  x  axis)  in  rad/sec  (see 
j  Fig.  3.1), 

i 

1  ;  «  (r )  Is  the  absolute  viscosity  of  the  liquid  filling  the  damper  gap  in 
poises,  and 

o 

r  la  the  temperature  of  the  damping  liquid  in  C. 
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Ac  ie  known,  the  damping  moment  created  by  the  liquid  damper  under  considera¬ 
tion  is  In  direct  proportion  to  the  first  power  of  the  angular  velocity  of  one 
cylindrical  surface  with  respect  to  the  other.  Calling  this  moment  and  the  pro¬ 
portionality  coefficient  c,  we  arrive  at 


Md  =  If  i 

here 


2*  lr* 

Cm*  -  -  -  1|  (I  ■'  m  -  »»<  . 

Ml  I  1 


(3.5) 


When  the  velocities  fi  are  positive,  the  moment  Is  directed  along  the  posi¬ 
tive  x  axis  (see  Fig.  3*1) • 

Regarding  the  angular  velocity  fi  as  the  input  value  of  the  damper,  and  the 
damping  moment  as  its  output  value,  we  find  that  £  represents  the  amplification 
factor  of  the  damper.  Calling  this  K  *  ,  we  obtain 


(3.6) 


where 


2i t  ^ 

Hd  *  S  “  951  T~  *  gf-Cffi- 


sec. 


(3.7) 


The  factor  c,  or  K.  „  ,  which  Is  the  same  thing,  is  often  called  the  specific 
r»"<i 

damping  moment. 

It  should  be  pointed  out  that  since  the  viscosity  ?  depends  on  temperature. 
In  order  to  keep  constant,  the  temperature  of  the  damping  liquid  must  be 

kept  constant. 


13*1 
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3.  Kicrosyn-Torquer 


Bie  construction  and  working  principle  of  the  microsyn-torquer  have  been  con¬ 
sidered  earlier  and  are  shown  in  Figs.  2.3,  2.U  and  2.5.  The  moment  created 
by  the  torquer  is  proportional  to  the  product  of  the  excitation  current  Iex  and  the 
control  current  Icon/  can  be  represented  as 


St  =  Ctlexlcon 


(3.8) 


The  value  of  the  proportionality  coefficient  gf-cm/amp  is  determined  by  the 
construction  parameters  of  the  microsyn.  In  order  to  make  the  moment  of  the 
,  microsyn-torquer  a  function  of  the  control  current  Icon  alone,  the  excitation  cur- 
j  ren*  iex  iuLB  **  kept  steady.  Assuming  that  this  is  the  case  and  designating 


h  ,K  -  gf-cm/amp, 

~oon— t 

!  _  | 

j  we  find  • 


Ht  =  -Jeon'  icon 


(3.9) 


(3.10) 


Fig.  3*2.  Diagram  for  use  in  determin¬ 
ing  basic  characteristics  of  the  damper. 

l)  Instrument  housing;  2)  floating  gyro- 
assembly  shell;  3)  gyroassembly  axis. 


The  constant  coefficient  Kjcon> 

Is  toe  amplification  factor  of  the 
microsyn-torquer  If  the  control  cur¬ 
rent  Icori  is  regarded  as  the  input  value 
and  the  moment  as  the  output  value. 

If  the  microsyn-torquer  works  on  direct 
current,  the  direction  of  the  moment  St 
is  determined  by  the  direction  of  the 
current  Icon,  and  if  it  works  on 
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alternating  current,  the  direction  of  depends  on  the  phase  of  the  current 
Let  us  agree  to  consider  positive  when  Its  direction  coincides  with  the  posi¬ 
tive  direction  of  the  x  axis  (Fig.  3«l)«  In  this  way,  the  currents  ICQn  vhleh  are 
taken  ea  positive,  will  correspond  to  positive  moments  moments  along  the 

x  axis. 

4.  Microsyn-piekoff 

The  construction  and  working  principle  of  the  output  signal  aicrosyn-plckoff 
have  been  considered  earlier  and  are  shown  in  Figs.  2.3,  2.4  and  2.5*  3be  Input 
value  of  the  microsyn-pickoff  is  the  angle  0  of  rotation  cf  the  microsyn  rotor 
from  its  Initial  position  relative  to  the  stator.  The  output  value  is  the  voltage 
Uout  w4ich  is  picked  off  the  secondary,  output  winding  of  the  microsyn. 

This  voltage  is 


Uout  ■  K  t9  yout  0  ,  (3.11) 

j where  K  ^  UQUt  the  amplification  factor  (sensitivity)  of  the  microsyn-pickoff; 

! 

j 

I  -  *»  yout  =  -pi«-P  v/rad  (3.12) 

where  £p  is  a  constant  coefficient  dependent  upon  the  construction  parameters 
of  the  microsyn-pickoff  in  v/rad  amp  cycles, 

1^  is  the  excitation  current  in  amp, 
fp  ia  the  frequency  of  the  excitation  current  in  cpa. 

Since  the  amplification  factor  K  „  depends  on  I '  and  f„,  to  keep  it 

-  .I  SOUt  -  *  “P 

constant,  the  magnitude  and  frequency  of  the  excitation  current  have  to  be  kept 
invariable  with  the  greatest  possible  degree  of  accuracy.  Henceforth  it  will  be 
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considered  that  the  pickoff  excitation  winding  is  fed  vith  current  from  a  stabi¬ 
lised  source  in  such  a  way  that  it  can  be  considered  with  a  high  degree  of  ac¬ 
curacy  that 


I  ~  constant:  f  -  constant. 

-ex  -p 


As  follows  from  Formula  (3.12),  the  amplification  factor  of  the  mlcrosyn- 

pickoff  K  m  ir  depends  both  on  its  construction  parameters  which  determine  the 
-  p»  “out 

coefficient  and  on  and  f^.  Strictly  speaking,  the  coefficient  Cp  will  not 
have  the  same  value  at  different  angular  positions  of  the  detector  rotor  with  re¬ 
spect  to  the  stator.  This  is  because  the  actual  parameter  values  of  the  electric 
■nd  magnetic  circuits  of  the  mlcrosyn-pickoff  are  on  the  whole  slightly  different 
fran  their  nominal  values,  which  in  turn  is  due  to  inaccuracies  in  the  manufacture 
and  assembly  of  the  parts  and  units  of  the  pickoff,  and  also  the  quality  of  the 
material  used.  Moreover,  on  account  of  radial  and  social  gaps  in  the  supports  of 
the  floating  gyro  assembly  the  instrument  may  make  random  movements  with  respect 
to  the  stator  within  the  limits  of  these  gapB,  causing  variation  in  the  gap 
between  the  rotor  and  the  stator,  i.e., random  variation  in  the  parameters  of  the 
magnetic  circuit  of  the  pickoff.  This  movement  of  the  rotor  relative  to  the 
stator  may  be  caused  by  factors  both  inside  and  outside  the  gyroscope.  The  chief 
internal  factor  is  the  vibration  of  the  gyromotor  caused  by  a  rotor  which  is  not 
perfectly  balanced.  The  rotor  must  therefore  be  mounted  with  the  greatest  care 
from  the  dynamic  point  of  view.  Hitie  must  be  no  gaps  in  the  bearings  of  the 
rotor,  nor  should  gaps  appear  at  any  time  during  the  guaranteed  life  of  the  in¬ 
strument.  Changes  in  the  magnetic  circuit  can  also  be  caused  by  Irregularities 
In  the  shape  of  the  bearings  and  the  Journals  of  the  floating  gyroassembly .  It 
will  be  clear  fraa  this  that  it  is  essential  to  reduce  the  radial  and  axial  gaps 
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in  the  bearings  to  a  minimus  and  to  make  the  highest  demands  with  regard  to  the 
correct  shape  of  the  bearings  and  Journals. 

The  fewer  the  relative  changes  possible  in  the  parameters  of  the  electric  and 
magnetic  circuit  when  the  instrument  is  functioning,  the  less  the  actual  values  of 
the  voltage  Uout  will  depart  from  its  values  as  determined  frcsn  Formula  (3.1l).  It 
should  be  pointed  out  that  deviations  from  Formula  (3.11)  can  also  be  caused  by 
variable  magnetic  fields  created  by  the  working  gyromotor.  It  is  essential  to  aim 
at  reducing  these  fields  to  a  minimum  and  also  to  screen  the  microsyn-pickoff  from 
the  gyromotor. 

All  these  facts,  and  also  the  impossibility  of  keeping  I'x  and  f^  absolutely 
constant,  lead  to  a  certain  discrepancy  between  the  values  of  the  microsyn-pickoff 
output  voltage  and  the  same  values  obtained  from  Formula  (3*ll)  when  K  ^  Uou^  ” 
*const.  In  view  of  this,  the  actual  value  of  the  output  voltage,  which  is  the  out¬ 
put  voltage  of  the  floating  integrating  gyroscope,  can  be  represented  as  the  sum 
of  the  two  terms: 


Uout  8  IS  9,  Uout  '  *  *  (3.i: 

where  K  p f  U0ut  *8  eon8^ere^  constant  and  equal  to  its  nominal  value.  The  first 
term  is  the  voltage  produced  by  the  microsyn-pickoff  when  Cp/  Iex  and  fp  are  con¬ 
stant.  This  voltage,  which  can  be  called  nominal,  is  exactly  proportional  to 
angle  9  .  The  second  term  A  ,  given  careful  construction,  assembly,  and  adjust¬ 
ment  of  the  instrument  and  the  use  of  a  stabilised  current  supply,  represents  a 
slight  departure  of  the  output  voltage  from  its  nominal  value  caused  by  the  fact 
that  Cp,  IgX  and  fp  are  not  constant. 

In  practice  it  can  be  considered  that  the  output  voltage  K  .  9  Is 

'  .out 

proportional  to  the  angle  9  not  only  when  this  angle  is  constant,  but  also  when 
it  varies .  In  other  words,  the  voltage  does  not  depend  on  the  rate  and 
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acceleration  of  the  change  in  the  angle  0  .  The  voltage  A  ,  in  exactly  the  same 

•  •  • 

way,  does  not  depend  on  0  and  0  in  practice. 

Since  the  deviation  of  the  values  of  Qp,  I^x  and  fp  from  their  nominal  values, 
observed  over  a  period  of  time  t  with  the  change  of  the  angle  0  ,  are  indefinite 
and  to  a  certain  extent  random  in  nature,  the  voltage  A  is  an  indefinite  and  to 
a  considerable  extent  random  function  of  the  angle  0  and  the  time  t^.  Therefore, 
In  the  general  case 


A  =  *(  A,  t). 


In  an  ideal  case,  when  the  output  angular  velocity  «*  equals  zero,  the  voltage 

U^|lt.  Bust  also  equal  zero.  It  is  extremely  difficult,  however,  to  achieve  this 

l  completely.  In  the  Massachusetts  Institute  of  Technology  Instrument,  for  instance, 

'the  zero  signal  of  the  microsyn-pickoff  is  equal  to  1.9  ®v  (see  Table  2,  p.  93). 

Thus,  in  the  general  case,  in  Equality  (3-13)  when  A  =  0,  the  voltage  Uout 

iwill  not  be  zero.  In  other  words,  when  A  =  0,  Uout^  0  ^ut  iB  e(lual  bo  AQ. 

•  •  • 

Let  us  find  the  expressions  for  UQUt  and  yout/  the  first  and  second  deriva¬ 
tives  of  iiout  vith  respect  to  time.  Differentiating  Equality  C 3 - 13 )  with  respect 

'  to  tine,  ve  find 

i 

1  .  ....  ...  (3.14) 

0 P  +  6*  +  =  (/ft  t/  +a»)P+A,. 

|  ••«  sal 

t 

where  A  '  and  4  are  partial  derivatives  of  A  with  respect  to  t_  and  0  respec- 
; tively. 

I 

Differentiating  (3.1*0  with  respect  to  time,  ve  obtain 


0  ■  (^f,  i/  •+■  )  ji  +  4,,  I  2  a tf)  I  1»P*. 

•  Ml 
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ft  ft  ft 

where  a  tt,  81,3  *  fit  are  partial  derivatives  of  the  second  order  of  a  . 

Substituting  the  value  ft  determined  from  Equality  (3.1*0  in  the  expression  for 
&ut,  w  obtain 


-  <*■  *>_+»•>?+ ^  + 


2V 


<» 


T-  + 


4,  iM 


In  an  Instrument  working  normally  the  voltage  A  and  the  derivatives  a  L>  A**/ 

a  k 

«  "  •* 

A  00,  *  t  ft  A  tt  are  8jnali<  and  in  the  general  case,  together  with  a  ,  they 

are  indefinite  and  to  a  considerable  degree  random  functions  of  ft  and  _t .  An 
analysis  of  the  physical  causes  of  the  dependence  of  A  on  ft  enables  us  to  con¬ 
sider  that  with  respect  to  ft  the  voltage  A  is  a  continuous  and  defined  function, 
at  least  within  the  range  of  working  values  of  ft  .  It  can  therefore  be  taken  that 
the  derivative  A  " pfi  I*  a  second-order  Infinitesimal  with  respect  to  the  firBt 
derivatives  of  A  .  On  the  basis  of  what  has  been  said.  In  the  last  expression  for 
we  can  Ignore  the  terms  containing  the  product  of  the  derivatives,  and  al6o 

»r 

the  ter*  containing  A  00.  Having  done  this,  we  obtain 


0  ={Kt,u  -I  M  f  + 


4  As 


0  +  A*. 


(3.15) 


It  can  be  seen  from  Eqs.  (3.1*0  and  (3*15)  that  the  true  sensitivity  of  the 

mlcrosyn-pickoff  with  respect  to  the  angle  ft  will  be  equal  not  to  X  ^  ,  but 

•  “ 
to  K  .  t  A..  Since,  In  the  general  cue,  the  derivative  A  »  Is  not  constant, 

“  * » “out  p  p 


3*0 
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the  sensitivity  vlll  not  be  constant  either.  But,  as  pointed  out,  in  an  instru¬ 
ment  which  is  working  normally  a  'fi  is  a  small  value,  so  it  is  quite  permissible 

to  ignore  it  as  a  term  extremely  small  compared  to  K  .We  shall  not  do  so 

1  -out 

here,  however,  so  that  ve  shall  have  the  chance  later  on  of  qualitati  determin¬ 
ing  the  ui  a  Q  on  the  performance  of  various  types  of  floating  gyro¬ 

scopes. 

The  interrelation  of  the  parts  of  the  floating  integrating  gyroscope  which 
we  have  examined  is  clearly  illustrated  by  the  block-diagram  in  Fig.  3.3.  This 
figure  gives  a  diagrammatic  representation  of  the  floating  integrating  gyroscope 
showing  the  individual  parts  of  the  instrument,  their  interconnection  and  their 
functions.  In  addition,  the  figure  shows  all  the  physical  values  affecting  the 
!  work  the  Instrument,  in  particular,  the  moments  acting  on  the  floating  gyro- 

i  assembly  about  its  x  axis  of  rotation.  The  symbols  used  are  those  which  were  »x- 

|  * 

plained  earlier. 

physical  values  indicated  in  the  diagram  are  all  subdivided  into  the 
I  following  three  groups: 

j  Basic  values.  Tnese  include  the  angle  g  ,  the  angular  velocities  »  and 

,  the  current  Icon,  the  voltage  UQUt,  and  the  moments  G,  and  .  The  inter- 
1  connection  between  these  values  is  shown  by  thick  lines. 

♦ 

2.  Auxiliary  values.  These  are  the  currents  I^x  and  Iex,  the  gyromotor  power 
consumption  Pgyj.  and  the  temperature  r.  The  interconnection  between  them  is  shown 
;  by  broken  lines. 

I  3«  Interference .  This  Includes  the  velocity  v  •  and  the  acceleration  V  • 

TTie  direction  of  their  effect  is  shown  by  lines  consisting  of  dots  and  dashes. 

The  lines  showing  the  interconnection  are  in  all  cases  marked  with  arrows  to 
indicate  the  direction  in  which  the  effect  travels.  Furthermore,  the  lines  show¬ 
ing  the  influence  of  the  moments  are  shown  with  small  circles.  This  means  that 

I 

_  i 
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according  to  Newton's  third  law,  the  component  parts  which  create  moments  experi¬ 
ence  an  equal  end  oppositely  directed  effect  from  the  parts  upon  which  they  impose 
those  moments.  The  moments  of  inertia  and  also  the  components  of  the  inter¬ 
ference  moment,  which  inevitably  occur  when  the  instrument  functions,  have  not 
been  Included. 

I*t  us  now  proceed  to  the  formulation  of  the  equation  of  motion  of  the  float¬ 
ing  gyroassembly  relative  to  its  x  axis  of  rotation.  Besides  the  above-considered 
moments  C,  Md  and  M^.,  determined  by  Formulas  (3*3),  (3*6),  and  (3. 10),  respectively, 
there  is  also  a  moment  of  inertia  acting  on  the  gyroassembly  about  its  x  axle  of 
rotation  (Fig.  3<l)  * 

Hin-^  +  r  >' 

where  J  is  the  moment  of  inertia  of  the  floating  gyroassembly  and  all  the  parts 

2 

connected  to  it  about  its  x  axis  of  rotation, in  gf-cm-sec  , 

Js  is  the  angul  »r  acceleration  of  the  gyroassembly  about  the  x  axis  with 

respect  to  the  instrument  housing;-  it  Is  considered  positive  when  its  vector 
is  directed  along  the  negative  x  axis  (Fig.  j.l),  in  rad/6ec  ,  and 
y  the  absolute  angular  acceleration  of  the  instrument  housing  about  the 
x  axis.  The  angle  y  ,  and  consequently  the  angular  velocity  y  and  angular 
acceleration  y  ,  of  rotation  of  the  housing  about  the  x  axis  are  considered 

positive  in  a  clockwise  direction  when  viewed  from  the  positive  end  of  the 

*  •#  /  2 
x  axis  (in  the  same  way  as  In.  rad/sec  . 

N  ## 

When  the  acceleration  of  fi  and  y  are  positive,  the  moment  M4q  is  directed 
along  the  positive  direction  of  x  axis  (see  Fig.  3>l)> 

Other  moments  of  various  kinds  which  may  act  on  the  gyroassembly  about  its 
axis  of  rotation  and  which  cannot  be  calculated  with  any  accuracy  will  be  desig¬ 
nated  (the  "i"  standing  for  "interference").  Among  such  moments  are,  for  ex¬ 
ample,  the  moment  of  residual  friction  in  the  bearings  of  the  floating  gyroassembly. 


1(*3 
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the  moment  arising  through  lack  of  perfect  balance  of  the  gyroassembly,  the  moment 
created  by  the  leads,  and  disturbing  mcrents  created  by  the  detector  and  corrector. 

The  numerical  values  of  <  ,  ,  ,  r  ,  K  ^  ^  i  c,  Ct,  Cp,  U0ut'  and  £  for 

the  floating  integrating  gyroscope  Type  101*  No.  79  are  reproduced  in  Tables  1  and 
2  (Chapter  II,  Sec.  l). 

Hy  making  the  sum  of  all  the  moments  considered  equal  to  zero  (taking  their 
signs  into  account)  ve  obtain  a  differential  equation  of  the  motion  of  the  float¬ 
ing  gyroassembly  about  its  x  axis  relative  to  the  instrument  housing: 

+  Ml  -Af,.  (3-l6) 

«  \  M  ffl  I  COD 

In  this  equation  the  values  H,  K  i  M  and  KT  u  are  taken  as  constant. 

* M  “icon'  “t 

To  meet  this  condition,  it  is  essential  that 

Iex  s  const;  s  const;  r  r  const. 

|  Here  f^  is  the  frequency  of  the  torquer  excitation  current.  The  other  symbols  are 
the  same  as  before.  In  order  that  H  =  const,  fg^,  the  frequency  of  the  current  ‘ 
fed  to  the  gyromotor,  and  Pgyy,  the  gyrcmotir  Input  pover,  must  be  constant,  i.e., 
ve  must  have 


Pgyy  "  const;  f gyr  "  const. 

Dividing  Eq.  (3.16)  by  transferring  the  term  with  7  to  the  right- 

hand  side  and  introducing  new  designations  for  the  coefficient  constants,  ve  obtain 
the  differential  equation  or  motion  of  the  floating  gyroassembly  in  the  folloving 
final  form: 

7$+p  —  Km .>»(cosf — ~Tf.  (3.17) 


lUk 
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In  this  equation 


T— — *- — s*e 


(3.18) 


Is  the  time  constant  of  the  Integrating  gyroscope. 


H 


(3.19) 


Is  the  dimensionless  amplification  factor  of  the  integrating  gyroscope  characteriz¬ 
ing  the  dependence  of  0  on  00  In  the  steady  state,  with  0-0  (and  with  negli¬ 
gibly  small  values  of  0  as  well  in  practice). 


K  ate. 


(3.20) 


is  the  amplification-  facto*-  of  the  floating  integrating  gyroscope  characterizing 
the  dependence  of  0  and  Icon  In  the  steady  state.  Replacing  Kjcon/  ^  in  (3.20) 
by  the  value  for  it  determined  from  Eq.  (3.9),  and  introducing  the  designation 


t.  cr  "U 


(3.21) 


we  obtain 


(3.22) 


The  amplification  factor  Kiexicon  0  characterizes  the  dependence  of  0  on  the 
product  of  the  currents  IexIcon  in  the  steady  state. 


Km  - - 

*i  *  K, 


1— 


(3.23) 


r-TS-9910/V 


1*15 


la  the  amplification  factor  of  the  gyroscope  describing  the  dependence  of  0  on 
in  the  steady  state. 

The  experimented  values  of  T,  Kw,  fi  t  -Iex  Icon/  0  *OT  floating  inte¬ 
grating  gyroscope  developed  by  the  Massachusetts  Institute  of  Technology  -  Type 
101*  No.  79  -  are  given  in  Tab.'e  2  (Chapter  II,  Sec.  l). 

In  Eq.  (3.17)  the  term 

-^*lnp 

m 

denotes  the  influence  of  the  angular  velocity  »  on  the  work  of  the  integrating 

*0 

gyroscope  when  g  #  0.  If  the  gyroscope  is  being  used  in  systems  vhich  ensure 
low  values  of  the  angle  g  ,  this  term  can  be  ignored.  For  instance,  if  the  angle 
is  never  greater  than  0.05°,  sin  fi  <  C.001  and,  consequently,  the  term  in  question 
will  be  insignificantly  small  compared  to  cos  g  ,  and  in  practice  equal  to  unity 
in  this  case. 

1  We  will  not  consider  Eq.  (3*17)  in  detail  since  in  the  final  analysis 

we  are  interested  in  the  output  voltage  UQU^  of  the  adcrosyn-pickoff,  and  not  the 

1  angle  g  . 

I 

Section  2.  Equation  for  the  Floating  Integrating  Cyroscope. 

When  the  floating  gyroassembly  turns  through  an  angle  g  relative  to  the 
instrument  housing,  a  voltage  UQU£  is  created  in  the  secondary,  output  winding  of 
the  microsyn-detector.  This  voltage  is  defined  by  Eq.  (3*13)»  We  should  point 
out  that  since  it  is  taken  that  the  angles  of  rotation  of  the  gyroassembly  rela¬ 
tive  to  the  housing  should  not  be  greater  than  0.001  rad  the  whole  time  the  in¬ 
strument  is  functioning,  the  microsyn-pickoff  has  to  be  a  high-precision  sensitive 
device.  This  can  be  understood  when  it  is  considered  that  given  #  -  0.001  and  a 
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mlcrosyn  rotor  radius  of  about  10  mm,  the  greatest  possible  displacement  of  the 
rotor  pole  relative  to  the  stator  will  only  be  0.01  mm. 


In  general,  floating  Integrating  gyroscopes  are  installed  in  automatic  systems 
as  units  sensing  angular  deviations  and  control  signals,  and  producing  output  sig¬ 
nals  which  operate  the  slave  motors  of  servodrives.  In  any  smoothly  working  system 
the  servodrive  slave  motors  restrain  the  object  being  guided  and,  consequently, 
the  floating  integrating  gyroscope  mounted  in  it,  from  deviation  ffojt  its  initial 
path  within  such  narrow  limits  that  the  angle  of  rotation  of  the  floating  gyro- 
assembly  relative  to  the  instrument  housing  remains  close  to  zero  ell  the  time  the 
gyroscope  is  functioning.  The  reaction  u“  i-hesc  systems  to  control  signals,  or  in 
other  words,  their  work  as  spatial  integrators,  takes  place,  likewise,  at  angles 
of  0  close  to  zero.  We  will  therefore  take  it  that  the  angle  0  is  always  so 
small  that  for  practical  purposes  we  can  assume  sin  0-0  and  cos  0  =1.  The 
nmn  value  of  engle  0  ensures  that  in  practice  the  work  of  the  instrument  does 
not  depend  on  the  angular  velocity  w  z  .  Hence,  assuming  in  Eq.  (3-17)  ®in  0-0 

•  73 

and  cos  0  -  1,  and  replacing  0  and  0  by  means  of  EqB.  ( 3-lU )  and  (3-15),  ve 
obtain 


TO  - 

•»'  \  Kf'U  +4j  /  •*' 

••I 

•  •I  *r  COlC 


In  view  of  the  small  value  of  the  time  constant  T  we  can  ignore  the  term  contain- 

I* 

lng  the  product  Ta  "  in  this  equation,  and  also  the  term  T a  Having  done  so, 
we  will  rewrite  the  equation  in  the  form 


TU  +U  =(l  +  W.0-- 

-X'  o„M‘ l-K* 

raa  mm 


(3-24) 
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where 


iK*  u~ 


-2—  Kf.  u 


XL All _ 

i i4  Iff 


(3-2t>) 


Kt  i) 

c  •  • 


•  /•#r 


(3.26) 


TK, 


f .  w  —  W»^ 


(3.27) 


»A  >  c 


(3-28) 


®“  amplification  factors  K  •  ,  K_  ,  K  n  ,  and  If  •  charac- 

'  -out  -con'  -out  *  -out  -i'  "out 

terlze  the  dependence  of  5out>  the  rate  of  change  In  the  output  voltage,  on  the 

values  *•  ,  Ieon/  V  and  respectively.  Using  Eq.  (3-22)  and  introducing  the 

designation 


K,^0~~K'n'~*K>u  ~  (3.29) 

the  amplification  factor  KT  ft  can  be  put  in  the  following  form: 

-con*  -out 


/  0  ^  • 


(3.30) 
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The  experimental  values  cf  K  a  and  ^  x  ,  0  for  the  floating  inte- 

#  “out  lex  icon'  -out 

grating  gyroscope  type  101*  No.  79  are  given  in  Table  2  (Chapter  II,  Sec.  l). 

Equation  (3.2*0  can  be  written  as  follows  after  the  elementary  transforma¬ 
tions: 


'  rt/.-.+i'- +^)* 

¥u»' 

(3-31) 


where 


k, 


(3-32) 


(3.33) 


i 

i 

(3-3*0 


*/.</ 


».  (/  . 


.S  -  ItL. 


liquation  (3«3l)  will  be  called  the  equation  of  the  floating  integrating  gyro¬ 
scope  . 

The  second  expression  for  the  coefficients  in  Formulas  (3-32),  (3.33)  and 
(3.34)  have  been  obtained  by  substitution  of  Eqs.  (3.18),  (3.19),  (3.20),  (3.23), 
(3.25)>  (3 .26),  (3.27),  and  (3.28)  into  the  first  expression  in  the  coefficients. 


1*9 
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Ea.cii  or  the  coefficients  £lcon#  „  »  1;  V ,  «  »  s*1*  •»  numer^ca^*>'  equal 

to  the  value  of  the  ratio  between  the  velocity  «  and  the  value  for  its  first  in- 
teXf  at  which  the  output  voltage  Uout  the  integrating  gyroscope  will  remain 
constant,  and,  consequently,  the  equality 

Uout  "  ?out  -  0 

t>e  valid  if  the  values  for  the  first  indices  in  the  other  two  amplification 
factois  are  equal  to  zero  (or  insignificantly  small),  and  4  '  »  0. 

Let  us  examine  the  physical  meaning  of  each  one  of  these  three  factors  sep¬ 
arately.  In  so  doing  we  will  consider  that  4^=0. 

Aiqpliflcatlon  factor  kT  .  Let  ua  assume  that  V  “  0  and  that 

“Icon' 

**  ^  18  Insignificantly  small  compared  with  unity.  Moreover,  let  ua  con¬ 

sider  that 


lex"  const;  I^x  «  const;  fp  -  const 

“ 

?gyr  ™  const;  £gyj-  c  const;  r  «  const. 


(3.35) 


Then,  a a  follows  from  Eq.  (3.31)  In  order  that  0  .  -  UQUt  .  0,  It  is  first  neces- 

■OU  L  “ 

sary  that  the  equality 


kr 

■icon' 


(3-36) 


be  satisfied  and,  secondly,  that  the  sign  of  the  control  current  Icon  be  the  same 
as  that  of  the  input  angular  velocity  «  .  When  these  conditions  are  met,  the 
■cment  created  by  the  microsyn-torquer  will  be  equal  in  magnitude  and  opposite  in 
direction  to  the  gyroscopic  moment  occurring  when  there  is  an  input  angular 
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velocity  *  .  Ab  a  result,  the  floating  gyroassembly  vlll  be  In  equilibrium  ar.d  the 
output  voltage  UQU^  vlll  therefore  remain  constant. 

It  ensues  directly  from  Eq.  ( 3 . 36 )  that  from  the  size  of  the  current  Ico;  re¬ 
quired  by  the  secondary  winding  of  the  microsyn-tcrquer  for  the  output  voltage 
UoUt  to  remain  constant  (for  example,  equal  to  zero)  ve  can  Judge  the  magnitude  of 
the  Input  angular  velocity  «*  .  In  this  case  the  value  of  the  angular  velocity  w 
vlll  be  determined  from  the  equality 


“  =  kj 

-icon* 


Icon* 


(3.37) 


The  sign  of  w  vlll  be  the  same  as  that  of  the  current  Icon. 

The  amplification  factor  kT  »  has  the  following  meaning  In  addition. 

“icon* 

numerically  It  Is  equal  to  the  angular  velocity  £j  to  which  the  application  of  a 
current  ICOQ  of  one  ampere  to  the  mlcrosyn-torquer  is  equivalent  In  Its  action  on 
the  floating  gyroassembly. 

Expression  (3.32)  for  kr  M  is  sometimes  more  conveniently  represented  In 

-^con* 

a  slightly  different  form.  Let  us  substitute  Eq.  (3-30)  into  (3*32)  and  Introduce 
the  amplification  factor 


« 


*,  , 


i  r.J  itc 

K  „  ff  «*”  ’ 

».  t 


(3.36) 


ve  obtain  as  a  result 


.  —  If  f  mf 

>»  .1  •-  •» 


(3-39) 


Die  amplification  factor  kT  T 

-ex  *con' 

to  which  the  application  of  currents 


m  Is  numerically  equal  to  the  angular  velocity 
Iex  and  Icon,  the  product  of  which  is  1  amp^. 
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Is  equivalent  In  its  action  on  the  floating  gyroassembly.  The  experimental  value 

1* 

of  the  factor  kT  T  .  »  for  floating  integrating  gyroscope  Type  10  No.  73  Is 
-iex  icon' 

given  in  Table  2  (Chapter  II,  Sec.  l). 

2.  Amplification  factor  k  y,  w  .  Let  us  consider  that  !con  =  0  and  that  the 

value  kj^  „  is  inslgnif  icemtly  small  compared  vith  unity.  Furthermore,  let 

T 

us  assume  that  Equal ltles  (3*35)  are  satisfied.  Then,  as  in  the  previous  case,  it 
follows  from  Eq.  (3.31)  that  for  Uout  =  UQut  =  0,  it  is  first  necessary  to 
satisfy  the  equality 


(3.^) 


and,  secondly,  for  the  signs  of  the  input  angular  velocity  w  and  the  the  angular 
acceleration  of  the  instrument  housing  V  bo  be  equal.  When  these  conditions  are 
met,  the  floating  gyroassembly  will  be  stationary  with  respect  to  the  instrument 
housing  and,  consequently,  the  output  voltage  Uout  vill  be  constant.  In  this  case 
the  angular  velocity  u  will  be 


(3*^1) 

Thus,  the  amplification  factor  k”,w  is  equal  to  the  angular  velocity'  u  ,  to 
which  the  rotation  of  the  instrument  housing  about  the  x  axis  with  am  amgular 
velocity  of  1  raid/sec^  is  equivalent  in  its  action  on  the  floating  gyroassembly. 

The  experimental  value  of  the  factor  k  'y  ,  w  for  floating  integrating  gyro¬ 
scope  TVpe  10^  No.  79  Is  given  in  Table  2  (Chapter  II,  Sec.  l). 

3.  Amplification  factor  k»^  v  .  Let  us  consider  that  Eqs.  (3*35)  ame  satis¬ 
fied,  that  the  current  Icon  -  0,  and  that  the  angular  velocity  of  the  instrument 
•  «  ••  • 

housing  t  ■  0.  Then,  as  follows  from  Eq.  ( 3 . 31 ),  in  order  that  Uout  =  ^out  * 

it  is  first  necessamy  that  the  equality 
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input  angular  velocity  w  and 


be  satisfied,  and,  secondly,  that  the  signs  of  the 
-asent  ^  be  th^  same.  When  these  conditions  are  met,  the  floating  gyroassembly 
will  remain  stationary  with  respect  to  the  instrument  housing,  and  consequently, 

the  output  voltage  UQUt  will  be  constant.  In  thl-  case  the  angular  velocity  will 

be 


(3-1*3) 

The  amplification  factor  k^,  „  is  equal  to  the  angular  velocity  „  to  which  the 

application  of  a  moment  ^  of  1  gf-cm  about  its  x  axis  is  equivalent  in  its  action 
on  the  floating  gyroassembly . 

Thus  the  work  of  the  floating  integrating  gyroscope  is  defined  by  Eq.  (3.31). 
We  ahould  point  out  that  if  .the  rate  of  change  of  the  output  voltage  is  taken  as 
the  output  value  of  the  instrument,  i.e.  &out,  then  Eq.  (3.3l)  will  be  transformed 
into  an  equation  of  the  first  order,  that  is  to  say  the  work  of  the  integrating 
gyroscope  will  be  defined  by  a  differential  equation  of  the  first  order. 

Section  3.  Transfer  Function  and  Frequency  Characteristic  of 
the  Floating  Integrating  Gyroscope 

Assuming  in  Eq.  (3.31)  for  the  floating  integrating  gyroscope  that 

•  a  0,  i.  e.  considering  that  the  output  voltage  Uout  of  the  microsyn- 

pickoff  is  determined  by  Eq.  f  3.1l)  when  K  - 

"i  VJ.-u.;  vnen  k  yQut  -  const,  we  can  rewrite  the  equa¬ 
tion  in  the  form 
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(3-44) 


and  we  will  consider  that  all  the  Eqs.  (3-35)  are  satisfied.  Equation  (3.41)  is 
the  differential  equation  for  the  floating  integrating  gyroscope,  given  an  Ideally 
working  microsyn-pickoff .  Using  the  differential  symbols. 


* 

4 1  * 


we  can  rewrite  Eq.  (3*44)  in  the  following  form  as  an  operator: 


Dividing  this  equation  by  Tp^  +  p,  we  obtain 


w,,w I— »• 


(3.45) 


where 


iP) 


s  <*>+«) 


(3-46) 


is  the  transfer  function  of  the  floating  integrating  gyroscope. 

We  should  point  out  that  under  working  conditions  a  certain  small,  and  gen¬ 
erally  variable,  voltage  of  an  indeterminate  nature  (caused  by  the  factors  men¬ 
tioned  earlier)  is  added  algebraically  to  the  voltage  Uout  as  determined  from  Eq. 

(3.45). 


To  obtain  the  frequency  characteristic  of  the  floating  integre  '.ing  gyroscope 
we  will  assume  that  we  have  a  steady  state  in  which  the  output  voltage  Uout 
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changes  according  to  a  harmonic  law  with  a  frequency  of  f  cps,  so  that 


U  w.U 


where  2rf  it  the  angular  frequency  of  oscillation.  Then 


it 


Using  the  differential  p  =  "  ,  we  can  rewrite  this  equality  in  the  form 

dt 


pU,„,-j2n/U„,. 


Frau  this  we  find  that  for  steady-state  harmonic  oscillation  of  the  voltage  yout 


Substituting  this  value  of  £  into  Formula  (3-1+6),  we  obtain  the  following  expres¬ 
sion  for  the  frequency  characteristic  of  the  floating  integrating  gyroscope: 


Uf)  /2*f iJ2*JT «•  I) 

Ku.0^r  + 


(3-47) 


j./ZTmwtT 

Multiplying  the  numerator  and  denominator  in  Expression  (3-^7)  by  T,  and  introduc¬ 
ing  the  designations 


jsfT 


(3.W) 


TK 


m.  0  •»« 


2<f  /  |  +  (2**)>  ’ 


(3-^9) 
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f(/)-  —  [«c  •  (2*7)  +  -y]‘ 


(3.50) 


the  frequency  characteristic  of  the  floating  Integrating  gyroscope  car.  be  further 
represented  in  the  following  form: 

IF  t{)f)-A(f)ei'V'.  (3.51) 

Expression  (3.U9)  represents  the  amplitude-frequency  characteristic  of  the 
floating  integrating  gyroscope.  It  gives  the  ratio  of  the  amplitudes  of  the  output 
(voltage  Uqu^.)  and  input  values  of  the  gyroscope  in  a  steady  state  with  the  input 
value  varying  harmonically  with  a  frequency  f.  The  value  A(f )  can  also  be  re¬ 
garded  as  the  amplification  factor  of  the  floating  integrating  gyroscope  when  an 
effect  varying  harmonically  with  frequency  f  is  impressed  upon  its  input,  for  ex¬ 
ample,  when  the  input  angular  velocity  is 


•*  z  u  m.y  ain  2  *■  ft. 

Expression  (3.50)  is  the  phase -frequency  characteristic  of  the  'floating  in¬ 
tegrating  gyroscope.  It  gives  the  phase  shift  of  the  output  value  with  respect  to 
the  input  value  under  identical  conditions. 

If  the  amplitude  of  the  effect  at  the  input  of  the  integrating  gyroscope  is 
equal  to  unity,  A(f)  is  numericsLlly  equal  to  the  amplitude  of  the  stesuiy -state 
oscillations  of  the  output  voltage  Uou^,  and  *(f)  is  equal  to  the  angle  of  the 
phase  shift  of  UQut  in  relation  to  the  input  value.  It  follows  from  this  and  from 
Eq.  ( 3 - 45 )  that  the  basic  input  values  of  the  floating  integrating  gyroscope  are 
the  argil  ^  input  velocity  w  and  the  control  current  Icon  of  the  mlcrosyn-torquer. 
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while  the  eubsidleu-y  values  are  the  angular  acceleration  of  the  instrument  housing 

** 

y  and  the  moment  Mj_. 

For  practical  purposes  Expression  (3.1*9)  is  sometimes  more  conveniently  rep¬ 
resented  in  the  form 


*(/)=  *,*,(/). 


(3.52) 


where 


*i "  JK~  t>..r 


(3-53) 


\U)- 


1 

2««  /  U  WiY 


(3.5^) 


Section  U.  Relative  Dimensionless  Values 

Let  us  look  at  the  relative  dimensionless  values  by  means  of  which  the  per- 

'  formance  of  a  floating  gyroscope  (both  integrating  and  differentiating)  in  a  steady 

| 

state  cam  be  conveniently  assessed  from  test  results. 

These  values  axe: 

i)  the  relative  dimensionless  amplification  factor, 

ii)  the  relative  error  of  the  output  value,  and 

iii)  the  relative  dimensionless  angular  velocity. 

Let  us  consider  these  values. 

We  will  denote  the  value  reaching  the  input  as  xin,  and  the  value  obtained  at 
the  output  as  xQut.  We  will  consider  that,  under  ideal  circumstances,  in  the 
steady  state  the  output  value  is  directly  proportional  to  the  input  value,  i.e. 
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where  the  amplification  factor 


5out  ■  S*ln,  xout  *m' 


Ky  «  —  const i 

“5 In  '  iout 

Graphically  we  can  represent  this 
dependence,  which  for  the  sake  of  brevity 
we  will  simply  call  the  characteristic, 
by  a  straight  line  through  the  origin  of 
the  coordinates;  for  example,  the 
straight  line  OC  (Fig.  3*1*)-  The  angu¬ 
lar  coefficient  of  this  line  will  be 
equal  to  the  amplification  factor 

'  K-  x  ...  Next,  let  the  graph  of  the 
I  -*  in  t  =out 

|  effective  dependence  of  xQut  on  x^. 

Fig.  3.4.  Diagram  aiding  determina¬ 
tion  of  relative  dimensionless  determined  experimentally,  be  shown  by 

values  used  in  assessing  performance 

of  floating  Integrating  gyroscopes  the  curve  DABF  (Fig-  3*1*)*  The  values 
In  the  steady  state. 

j  of  Xj^  and  xQUt  along  the  axes  are 

1  aarked  "exp"  to  show  their  experimental  origin.  Let  us  consider  that  within  the 
sector  AB  the  effective  characteristic  DABF  is  proportional  to,  and  to  a  great 
I  degree  of  accuracy  coincides  with,  the  theoretically  proportional  characteristic 
OC. 

The  amplification  factor  for  any  arbitrarily  chosen  point  on  the  actual 
characteristic,  which  we  shall  also  mark  with  "exp",  will  be  equal  to  the  ratio 
of  the  coordinates  of  this  point,  i.e.  # 
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-  / 


■*•..1  »■* 
4  ,1  fl» 


(3.55) 


In  other  words,  the  amplification  factor  ( *out)exp  for  any  glver‘  point  or. 
the  effective  characteristic  is  equal  to  the  angular  coefficient  of  a  straight  line 
drawn  from  that  point  to  the  origin  of  the  coordinates.  For  example,  for  the  point 
E  (Fig.  3.4)  the  factor  is  equal  to  the  angular  coefficient  of  the  line  Q£. 

For  all  the  points  on  the  sector  AB  the  factor  *oUt^exp  18  the  6a;ne 

and  we  shall  call  this  value  the  calibration  value  and  denote  it  (Kxln,  *0ut^cal‘ 
For  all  points  on  the  actual  characteristic  DABF  outside  the  sector  AB  the  factor 
value  will  be  different. 

For  a  quantitative  estimation  of  the  deviation  of  the  values  of  the  amplifica- 

i  tion  factor  (lC,  _  ) _ from  its  calibration  value  we  will  Introduce  the  con- 

j  “Sin*  *out  exP 

cept  of  the  relative  dimensionless  amplification  factor 


(^*i»  *».i) »»» 

(*»  »  ) 

*  m  mi  rtl 


(3.56) 


i 

From  what  has  gone  before  it  follows  that  the  value  of  this  factor  for  any 
point  on  the  actual  characteristic  is  equal  to  the  ratio  of  the  angular  coefficient 
|  of  a  straight  line  drawn  free!  the  origin  of  the  coordinates  to  that  point  to  the 

I 

angul *r  coefficient  of  a  straight  line  passing  through  the  origin  of  the  coord I - 
!  nates  and  coinciding  with  the  proportional  sector  of  the  effective  characteristic. 
For  all  points  on  the  proportional  sector  of  the  effective  characteristic  this 
factor  is  equal  to  unity. 

The  relative  dimensionless  amplification  factor  can  also  be  interpreted  in 
the  following  way.  Let  us  write  the  value  (Kx<n>  x^^exp.  rel  for  the  P°lnt 
for  example  (Fig.  3*4) 
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*  9*9 

■  (3-57) 

It  follows  fro®  this  equality  and  fro®  the  graph  in  Fig.  3*4  that  the  rela¬ 
tive  dimensionless  amplification  factor  is  equal  to  the  ratio  of  the  actual  output 
value  to  that  which  would  be  obtained  if  the  dependence  between  the  input  and  out¬ 
put  values  were  proportional. 

The  absolute  error  A  x<jut  0utput  value,  obtained  at  any  value  of  the 

input  value  is 


,vw 

ON 


NM 


a •  AJ  1  li 


"I 


SH 

os 


SH 


^  5out 


?out 


exp  “  Sout 


,  Here,  as  before,  is  the  output  value  which  would  be  obtained  if  the  charac¬ 

teristic  were  proportional;  x^^  exp  is  the  effective  output.  Dividing  the  ex¬ 
pression  for  Axq^  by  icut'  we  arrlve  at  expression  for  the  relative  error 
•fcut  in  the  output  value: 


i 


SXq  «  I  M  Owl  9Mp 


(3.58) 


* 

|  sign  of  t  is  the  same  as  that  of  a  _  .  Consequently,  the  relative  er- 

tout  5out 

ror  <  in  the  output  value  is  positive  for  sectors  of  the  effective  charac¬ 

teristic  lying  above  the  ideal  proportional  characteristic  (the  line  passing 
through  the  origin  of  the  coordinates  and  for  practical  purposes  coinciding  with 
the  proportional  sector  of  the  effective  characteristic),  and  negative  for  sectors 
*  lying  below  it . 

■  It  is  clear  that  this  error  is  zero  for  the  proportional  sector  of  the  actual 

characteristic.  For  example,  for  the  sector  AB  (see  Fig.  3.4)  «  _  s  0.  For 

tout 

the  remaining  sectors  of  DABF  the  relative  error  is 
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lout 


i-  o. 


Since  both  for  floating  gyroscopes  as  a  whole  and  the  individual  parts  of 

them  ve  have  considered,  the  dependence  of  the  output  value  on  the  input  value  must 

be  proportional,  «  ,  Just  as  the  relative  dimensionless  amplification  factor, 

iout 

describes  the  deviation  of  the  effective  characteristic  from  the  required  propor¬ 
tional  dependence. 

Substituting  Eq.  (3-57)  into  Expression  (3*58),  we  find  the  following  formuxa 

which  establishes  the  dependence  of  the  relative  error  «  of  the  output  value 

tout 

on  the  relative  dimensionless  amplification  factor  (Kx<n>  xout^exp.  rel 


iout 


^^Sin'  Jout^exP-  rel  ~  1*  (3-59) 


■*» 


From  this 


(5*in'  5out)e*P-  rel  "  1  +  •  ^ut' 


(3-60) 


Let  us  now  Introduce  the  concept  of  the  relative  angular  velocity  »  exp.  rel 
!  defining  it  by  the  equality 


exp.  rel 


1  cal 


(3-61) 


where  «  is  any  value  of  tne  angular  velocity  arrived  at  by  measurement  in 
testing  the  gyroscope,  and 

«*  i  is  a  certain  constant  value  of  the  angular  velocity  taken  as  the  call- 

CaJ. 

brat ion  value. 

! 

i  Experimentally  obtained  graphs  of  the  dependence  of  the  relative  amplifica¬ 
tion  factors  (K^,  ^  )exp<  rel  and  relative  errors  •  ^  in  the  output 


F-TS-9910/V 


161 


values  on  the  relative  angular  velocity  w  ,  are  the  basic  static  charac- 

exp •  rci 

terlstics  of  floating  gyroscopes. 


Section  3.  Floating  Integrating  Gyroscopes  Operating 
In  the  Steady  State 

Let  us  define  the  steady  state  as  the  working  conditions  under  which  Uout  ~  0 
and  Uout  =  const.  Taking  It  that  in  Eq.  (2-31)  UQUt  -  0,  ve  obtain  the  following 
equation  which  describes  the  steady-state  operation  of  a  floating  integrating  gyro- 
a cope: 


-  *■-  «-(' +*r^_)  I*  -  '• 


(3.&) 


Assuming  that  in  this  equation  A  j  =  A  ^  s  -  0,  ve  obtain  the  equation 
describing  the  steady  state  of  the  ideal  instrument. 


o  *=K  i,  (•-*/  J  —  *,.!)• 

vo»*  "on*  roi  * 


(3-63) 


Fran  this,  when  Icon  -  7  -  0,  ve  obtain 


Uout  =  5*,  Uout  M'  (3*64) 

i.e.  in  the  steady  state  UOU|.  is  directly  proportional  to  w  .  Integrating  (3-®0 
under  zero  initial  conditions,  and  keeping  it  in  mind  that  in  this  equation 
**  =  constant,  since,  as  agreed  =  const,  we  have 


-out  =  &  Uout 
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If  the  time  constant  T  Is  small  encugh,  Eqs.  (3-62),  (3«^3)  ard  are  valid 

In  practice  even  If  *  *  constant.  In  such  a  case  Integration  of  Eq.  (3-&0 

gives 


U.^Km,il^dt.  (3.65) 


Equations  (3-64)  and  (3.65)  describe  the  work  of  an  ideal  floating  Integrating 
gyroscope  with  a  small  value  T  and  without  a  servodrive. 

For  the  reasons  mentioned  in  Chapter  I ,  Sec.  6,  the  floating  Integrating 
gyroscope  is  usually  only  used,  with  a  servodrive.  Hence,  from  now  on  when  dis¬ 
cussing  the  steady  state,  we  refer  to  the  steady  state  of  a  floating  integrating 
gyroscope  coupled  with  a  servodrive. 

It  was  shown  in  Chapter  I,  Sec.  7  that  when  a  floating  integrating  gyroscope 
|  with  a  servodrive  functions  in  the  steady  state,  a  certain  constant  voltage  Uout 
1  is  created  at  the  output,  which  is  necessary  and  sufficient  for  the  system  to  work 
properly.  Thus,  when  functioning  with  a  Bervodrive  in  the  steady  state  &out  s  0. 

When  UQut  *  0,  it  is  taken  into  account  that  In  a  normal  instrument 

%  (l  — W  Eq.  (3.62)  assumes  the  form 

-•«-*  \  X* Vml  1 


1 


I 


0 


(3.66) 


Fran  this  equation  it  is  clear  that  when  6^ut  =0,  i.e.  when  UQUt  =  const,  d’j 
only  influences  the  work  of  the  Instrument  If  4  (  ^  It  is  therefore  very  Im¬ 
portant  to  ensure  that  d  •  -  0,  or  in  other  words  that  the  voltage  d  /see  (3.13/7 


should  not  depend  on  time. 
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Let  ue  assume  that  the  acceleration  y  s  0.  Then,  solving  Eq.  (3*66)  vith 


respect  to  kT  „  ,  ve  obtain 

“icon/ 


where 


(3.67) 


The  value  Uou^  w  cm  be  regarded  as  the  rate  of  change  of  the  output  voltage 
Uout  caused  by  the  angular  velocity  «  alone. 

Equation  (3*67)  ia  the  equation  for  the  steady  spatial-integration  regime, 
when  the  floating  integrating  gyroscope  is  working  as  the  sensing  component  of  the 
spatial  integrator,  shown  diagrammatically  in  Fig.  2.19-  This  equation  has  been 
expressed  in  a  suitable  form  for  evaluation  of  the  amplification  factor  kT  .  M  , 
which  is  the  basic  »®lue  characterizing  the  gyroscope  working  in  the  spatial- 
integration  regime. 

Let  us  clarify  this  point.  The  spatial -Integration  regime,  as  explained  ear¬ 
lier,  la  the  achievement  of  rotation  of  the  instrument  housing  about  the  input  axis 
with  the  desired  angular  velocity  w  by  Impressing  a  current  Icon  on  the  control 
winding  of  the  microsyn-corrector.  Sence  this  regime  is  characterized  by  the  de- 

I 

pendence  of  «  on  Icon.  From  (3*67)/  when  Hj  =  A  ^  =  0  this  dependence  appears  as 


’*/ 


and,  consequently,  is  defined  by  the  factor  kr  w  .  When  M  0  and  a  !  #  0, 

“icon'  —1  S 

we  have  from  (3*67) 

i 

I 
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l6k 


C 


I-**,.-  M.  + 


l.e.  in  this  case  the  dependence  of  w  on  Icon  is  determined  by  the  values  of  the 
factor 


1-**,..*.+ 


(3.68) 


o 

<■ 


It  ia  not  possible  to  determine  the  value  of  this  factor  theoretically  since  the 
values  of  and  A  ^  are  indeterminate.  It  can  only  be  found  experimentally  for 


which  purpose  we  have  to  find  the  ratio  y 


exp 


scon,  exp 


-,  which  we  will  denote 


fexp 

The  value  thus  ob- 


Clearly,  the  value  of  this  ratio  will  be  equal  to  kr 

“icon' m 

tained  can  be  conveniently  used  as  the  experimental  value  of  ky  ,  ,  which  will 

“con'  m 

relieve  us  of  the  need  to  bring  in  another  factor  and  will  enable  us  to  study  and 

take  into  account  experimentally  possible  deviations  from  its  nominal  values  which 

may  also  occur  when  M.  -  A  !  =  0.  Thus,  taking  the  ratio  A——)  as  the  experi- 

5  licon/exp 

mental  value  of  kT  ,  vhich  we  shall  mark  with  "exp,”  we  obtain 

_icon'  w 


(-icon'  -  )exp  "  Ico^exp 


^icoryexp 


l 


The  value  of  the  factor  (kr  )  determined  when  K.  afc  0  and/or  A  0,  will 

-icon' w  **P  -  * 

'not  be  equal  to  the  value  which  is  determined  from  Eq.  (3-32).  In  this  case 


,  determined  from  Formula  (3*32).  divided 

icon'  ** 

by  the  parenthesis  in  the  right-hand  aide  of  Eq.  ( 3 * 67 ) >  i.e.  will  be  determined 


(kr  will  be  equal  to  kT 

'-icon'  w  exP  -ic 
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by  Formula  (3.66).  In  this  way,  it  none  of  the  terms  of  Formula  (3.67)  can  be  Ig¬ 
nored.  for  (k-  '  ve  obtain  the  expression 

■icon*  «•  ' 


,.r(r) 


*/ 

<  .r  tdj 


(3-69) 


In  every  Integrating  gyroscope  used  in  practice  the  amplification  factor 
(^con*  “  ^exp^wi11  vary  with  Icon  and  w  .  In  a  quantitative  evaluation  of  this 
variation  it  is  convenient  to  use  the  concept  of  the  relative  dimensionless  ampli¬ 
fication  factor  which,  according  to  Formula  ( 3 - 56) ,  in  the  giver,  case  will  be 


rtt 


>  Al 


(3.70) 


where  the  calibration  value  (jElcoa,  w  ^exp*  determined  experimentally,  is 


c**.v).4rr--(r)  • 


(3.71) 


1  /  l 

I.  It  is  advisable  to  determine  the  value  (ky  ;  ,  under  conditions  where  the 

■;con*  «*  cal 

!  following  inequalities  are  satisfied: 


l.e.  when  the  Influence  of  and  are  insignificantly  small.  In  this  case 

(hr  I®  111  practice  equal  to  the  theoretical  value  of  kr  ,  taken 

“icon*  •»  COJ-  "icon*  •# 


•Translator's  note.  In  the  original,  this  factor  is  usually  written 
^con*  *•  ^exp*  Occasionally,  it  is  more  accurately  rendered  as  ( kj  f  u  )exp; 
we“have  followed  the  original  in  all  cases. 

I 
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in  all  the  previous  arguments  as  constant.  Proceeding  from  Eq.  (3*32),  the  the¬ 
oretical  value  of  kT  Is 

-icon'  “ 


(3.72) 


It  Is  also  possible,  however,  to  have  cases  when  this  factor  will  not  be  con¬ 
stant.  For  example.  If  the  core  of  the  microsyn-torquer  becomes  saturated,  the 
dependence  of  the  moment  M^.,  created  by  It,  on  the  current  Icon  creating  It  will 
cease  to  be  proportional.  Hence,  in  the  given  case  the  amplification  factor 

K_  u  will  become  variable.  This,  as  can  be  seen  from  Eq.  (3-72),  gives  rise 
“Icon'  -t 

to  variability  of  the  factor  kr  as  well.  In  view  of  this,  we  will  mark  the 

-icon' 

factor  }Sico  t  w  and  the  coefficients  through  which  it  is  expressed  with  the  index 
"cur"  (current  value)  in  order  to  cover  all  feasible  values,  when  considering  the 
factor  (kic  ,  m  rel'  and  will  determine  It  in  accordance  with  (3-72)  by  the 

equality 


k  1  «=  (*/.  )« 

«  *•  a*  * 


(3.73) 


In  practice,  we  should  choose  as (k  )__-,  a  value  of  (kT  «,  )_„  which 

—I  , «  caj-  -icon/  'exp 

-con 

corresponds  to  the  working  range,  i.e.  the  range  over  which  the  angular  velocity 


i  *•  eXp  is  for  practical  purposes  proportional  to  the  current  Icon>  exp* 
range  the  factor  (klcon,  «*  )exp  is  constant  to  a  sufficiently  accurate  degree  and 
almost  equal  to  the  theoretical  value  ^1  n,  “  ,  determined  by  Eq.  (3.72).  There¬ 
fore,  following  Eq.  (3-72),  we  can  write 


i 


<*.  ,  c 


(3-7^) 
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Since  in  the  general  case  (hr  )  „  is  determined  ay  Eq.  (3-69 ),  Bub 

"^cor.*  •*  exP 

stitutlng  it  into  Formula  (3-70),  we  obtain 


(*/  ) 

I  —  kM 


If,  instead  of  (kr  )  , ,  we  substitute  here  its  value  as  obtained  from 

“icon*  «  cal' 

E<1-  (3-7M>  mark  51 1  —  with  the  index  "cur"  and  substitute  its  value  (3.73),  we 

obtain 


<*/~- 


(*'...»>  lu-  H‘"  _ » 

■*»)«*■  M,  tt 


(3-75) 


The  factor  (£lcon,  w  )eXp.  rel  obtalnabl«  from  this  expression  has  the  three  fol¬ 
lowing  characteristic  regions, 
j  I.  Working  region.  In  this  region 

I  ■  1 

V..  (in  practice  this  condi- 

tion  is  always  satisfied); 


and,  consequently. 


L 


^ “Jeon'  “  W-  rel  1# 


(3-76) 
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gior.  the  angular  velocity  -  vill  be  proportional  to  the  control 


Thus,  In  this  re 
current  Icon* 

2.  Region  In  which  there  Is  considerable  lr.floer.ee _bv 
interference .  In  this  region 

H  .. 


v  indeterminate  (rand or.) 


TT1-'- 


But  here  the  absolute  values  of  both  terms  to  be  added 


m  *  0  „ 

m  wu*l  • 


(or  one  of  them)  are  such  that  they  cannot  be  Ignored  compared  to  unity,  i.e.  In 
thla  region  the  inequalities  (or  one  of  them)  are  not  satisfied. 


i  Hence  In  the  region  under  consideration 


«i 


(3-77) 


a«p  f«l 


1  •  +  </  ( . 


(3.78) 


is  consequently  a  variable  of  random  nature  because  of  the  random  nature  of 
the  moment  &  and  the  indeterminate  nature  of  A  This  region  can  be  found  at 

w  small  values  of  the  control  current  Icon/vhen  the  moment  created  under  the 
effect  of  this  current  by  the  microsyn-torquer  is  commensurate  with  the  moment 

1  or  less  than  it. 

,  3.  P-fH™  <n  which  the  amplification  factor  of  the  microsyn-torquer  Is  varl- 

able  (region  of  core  saturation).  In  this  region 
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1; 


(3.79) 


by  virtue  of  which 


(te 


>41  Hi 


lam/M  f  ta  I 


(3.80) 


and  ie  a  variable. 

Xhla  region  appears  at  Large  values  of  the  control  current  Icon  causing 

l 

saturation  of  the  magnetic  circuit  of  the  microsyn-torquer. 

To  Increase  the  working  region,  the  second  region  has  to  be  reduced  and  the 
i  boundary  of  the  third  region  Increased  In  every  way.  To  reduce  the  second  region 
great  care  In  the  manufacture,  assembly  and  adjustment  of  the  Instrument  Is  re¬ 
quired;  the  materials  used  for  Its  parts  have  to  be  carefully  selected  and  cur- 
|  rent  supplied  from  stabilized  sources.  The  systematic  Interference  component  can 
Be  reduced  by  Impressing  a  corresponding  current  Icon  on  the  microsyn-torquer. 

1  It  Is  possible  to  Increase  the  boundary  of  the  third  region  by  using  materials 
■  vith  the  greatest  possible  Induction  which  are  not  subject  for  practical  purposes 

i 

!  to  hysteresis. 

How  the  work  of  the  instrument  In  a  steady  geometrical -stabilization  regime 
la  evaluated  will  be  dealt  with  in  the  cert  section, 
j  We  shall  not  concern  ourselves  here  with  consideration  of  the  steady  state 

j  of  a  floating  Integrating  gyroscope  when  working  as  an  Independent  Instrument 
j  without  a  servodrive  and  used  for  measuring  angular  displacements,  since  It  Is 
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not  advisable  on  the  whole  to  use  it  for  this  purpose.  Ve  will  merely  point  out 
that  this  steady  state  Is  characterized  by  the  dependence  of  the  voltage  Uou.  on 
the  angular  velocity  u  ,  which  If  need  be  can  easily  be  obtained  from  Eq.  (3.^2) . 
Everything  that  has  been  said  on  this  use  of  the  ordinary  Integrating  gyroscope 
(Chapter  I,  Sec.  6)  applies  as  veil  to  the  floating  Integrating  gyroscope.  The 
only  difference  is  that  the  floating  gyroscope  ensures  considerably  greater  ac¬ 
curacy..  Equation  (3.62)  takes  Into  account  the  factors  affecting  the  work  of  the 
Instrument  more  fully  than  the  equations  in  Chapter  I,  Sec.  6. 

It  can  be  concluded  from  the  analysis  of  Formula  (l.37)»  made  earlier  In 
Chapter  I,  Sec.  6,  that  for  &  floating  integrating  gyroscope  to  work  the  whole 
time  In  a  steady  state,  it  has  to  have  a  fairly  small  time  constant  T.  To  achieve 
this,  the  moment  of  Inertia  J  of  the  floating  Integrating  gyroscope  should  be  as 
small  as  possible,  and  the  specific  damping  moment  IS  £  ,  as  large  as  possible. 

,  As  follows  from  Table  2,  this  condition  1b  satisfied  in  practice  In  the  case  of 
I  the  floating  integrating  gyroscope  Type  1C)\  No.  79/  since  It  has  a  time  constant 
of  T  *  0.0027  sec.  It  should  be  pointed  out,  however,  that  this  considerably  ex¬ 
ceeds  the  calculated  value  of  0.0017  sec.  The  values  of  T  for  certain  other  in- 
|  te grating  gyroscopes  are  given  In  Table  5  ■ 


|  Section  6.  Floating  Integrating  Gyroscopes  Coupled  With  a  Servodrlve 

Let  us  derive  the  equation  for  the  uniaxial  spatial  Integrator  of  angular 

i 

velocity  with  a  floating  integrating  gyroscope  and  servodrlve,  shown  In  Fig.  2.19. 
A  block  diagram  of  this  integrator  is  shown  In  Fig.  3*5*  Since  the  gyroscope 
housing  is  rigidly  connected  to  the  input  axis  14  of  the  integrator  by  the  part  7 
(see  Fig.  2.19),  all  our  arguments  will  be  conducted  with  reference  to  the  instru¬ 
ment  housing.  We  will  call  part  7,  bo  which  the  gyroscope  housing  Is  directly  at- 
<*>  |  ! 

4*  tached,  the  platform. 
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In  Fig.  3.5,  as  before,  T  ls  the  control  current  impressed  upon  the  sec¬ 
ondary  winding  of  the  microsyr.-torquer;  w  ^ra  is  the  absolute  ang-iiar  velocity  of 
the  Integrator  housing  12  (Fig.  2.1^),  or,  what  amounts  to  the  6asie,  the  transfer 
angular  velocity  of  the  gyroscope  housing  about  the  input  axis  v  of  the  integrator; 
*•  re2.  the  angular  velocity  of  the  gyroscope  housing  with  respect  to  the  inte¬ 
grator  housing  about  its  input  axis  £. 

The  absolute  angular  velocity  of  the  gyroscope  housing  about  the  input  axis 
jr  of  the  integrator  (let  us  recall  that  it  coincides  with  the  input  axiB  of  the 
gyroscope)  will  be 


+■  M  , 

tra  rel 


(3.81) 


kfi»r 


i  • .  r  *  ~  v  r' 


—  -  v  r  ‘  ]  g  r_  » ^ 

.  tmvUl.tt  I  1*^, ,  jrrfc..,  j  1 _ 

[ _  L-— . _ 


|  Fig*  3 «5-  Block-diagram  of  uniaxial  spatial  integrator  of  angular 

velocity  with  floating  Integrating  gyroscope  and  servodrive. 

I*t  us  first  look  at  the  equations  for  the  separate  parts  composing  the  inte- 
igrator  in  Fig.  3.5.  Let  us  assume  the  initial  conditions  to  be  zero. 


1.  Floating  Integrating  Gyroscope 


It6  work  is  described  by  Eq.  ( 3-^*5)  -  By  replacing  the  angular  velocity  Oj  in 


this  equation  by  its  value  (3.81)  we  obtain  the  equation  for  the  floating  integrat¬ 
ing  gyroscope  in  the  form 


t/_  -  W 


(3.Q8) 
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In  Fig.  3.5,  as  before,  ICQn  is  the  control  current  impressed  upon  the  sec¬ 
ondary  winding  of  the  microsyr.-torquer;  «  tya  is  the  aosoiute  angular  velocity  of 
the  integrator  housing  12  (Fig.  2.19),  or,  what  amounts  to  the  same,  the  transfer 
angular  velocity  of  the  gyroscope  housing  about  the  input  axis  £  of  the  integrator ; 

**  rel  18  the  angular  velocity  of  the  gyroscope  housing  with  respect  to  the  inte¬ 
grator  housing  about  its  input  axis  £. 

The  absolute  angular  velocity  of  the  gyroscope  housing  about  the  input  axis 
£  of  the  integrator  (let  us  recall  that  it  coincides  with  the  input  axis  of  the 
gyroscope)  will  be 


tra  +  “  rel 


(3.81) 


ampl  fi#r 

—— i  '<c rr,  i*;,;,  t;v  1  :!-n-  , — 

-acy,  J  .  4»pJ .  1  I  an, pl.t,.  r  .  .  r 


[ 


Fig.  3.5.  Block-diagram  of  uniaxial  spatial  integrator  of  angular 
velocity  with  floating  integrating  gyroscope  and  servcdrive. 

bet  us  first  look  at  the  equations  for  the  separate  parts  composing  the  inte- 
J  grator  in  Fig.  3.5.  Let  us  assume  the  initial  conditions  to  be  zero. 


I 


1.  Floating  Integrating  Gyroscope 

j 

Its  work  is  described  by  Eq.  (3^5).  By  replacing  the  angular  velocity  co  in 
this  equation  by  its  value  (3.81)  we  obtain  the  equation  for  the  floating  integral 
ing  gyroscope  in  the  form 


(3.82) 


l _ _ 
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where  the  transfer  function  of  the  gyroscope  ^’l.g.(p)  determined,  as  before,  by 
Eq.  (3.1+6)  - 

2.  Asjplifier 

The  amplifier  consists  of  the  voltage  amplifier,  converter  unit,  and  power 
amplifier. 

'flaking  the  voltage  amplifier  to  be  linear  and  inertialess,  ve  obtain 

“  -  Sv  u  “out*  <3-83) 

-out'  - 

where  ^out  ~~  output  v°l-ta6e  °f  the  floating  integrating  gyroscope  and  the 

input  value  of  the  voltage  amplifier,  in  v; 

U  is  the  output  voltage  of  the  voltage  amplifier  in  v,  and 

K,  is  the  amplification  factor  of  the  ventage  amplifier. 

—out*  if 

The  converter  unit  converts  the  error  signal  (voltage  Uout)  in  accordance  with 
a  certain  desired  functional  dependence  for  the  purpose  of  ensuring  that  the  system 
behaves  dynamically  and  statically  as  required  in  the  presence  of  controlling  and 
disturbing  effects.  The  equation  for  this  unit  can  be  written  in  the  form 

yc  =  )Lc  (p)  y,  C3-su) 

Where  Up  is  the  output  voltage  of  the  converter  in  volts,  and 
W(j(p)  is  the  transfer  function  of  the  converter. 

IV  form  taken  by  W_(p)  depends  on  the  system  of  control  (adjustment)  adopted. 
-C  - 

Let  us  consider  two  possible  systems  of  control: 

firstly,  control  according  to  the  error  and  its  time  derivstive.  Here  and  in 
the  future  we  will  take  the  error  t.o  mean  the  angle  of  deviation  of  the  gyroscope 
housing  from  Its  desired  orientation  in  inertial  space.  As  is  known,  the  inclusion 

I 
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of  the  time  derivative  of  the  error  vith  respect  to  the  control  system  helps  to 


Increase  damping.  To  bring  this  about,  the  converter  unit  charges  the  Incoming 
voltage  U  Into  the  output  voltage 


Ug  =  aU  +  bU,  (3.85) 

where  a  and  b  are  constant  coefficients.  For  this  the  transfer  function  of  the 
converter  In  the  Ideal  case  ought  to  take  the  form 

«’c(;)=-<i(l  +  ;4  (3.86) 

But  In  practice  In  the  case  under  consideration  the  transfer  function  of  the 
converter  unit,  which  represents  a  correcting  circuit,  takes  the  form 


(3.B7) 


where  Ky^  is  the  amplification  factor, 

is  the  time  constant  in  sec,  and 
n  is  the  constant  coefficient. 

Secondly,  control  according  to  the  error  and  the  derivative  and  Integral  of 
the  error  with  respect  to  time.  The  Integral  of  the  error  with  respect  to  time 
is  Included  In  the  control  system  vith  a  view  to  eliminating  the  static  (steady- 
state)  error  of  the  system.  In  this  case  the  output  voltage  of  the  converter  unit 
should  take  the  form 


Uc—aU  +  t>U  + 


cjUdt. 


(3.88) 
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for  which,  In  an  ideal  case,  the  transfer  function  i6 


Ut(,)  «(l+-Srf  j). 

where  a,  b,  and  c  are  constant  coefficients. 

It  is  possible  to  obtain  a  voltage  proportional,  to  the  integral  with  respect 
to  time  of  the  input  voltage  U  by  using  an  integrating  circuit  as  part  of  the  con¬ 
verter  unit.  Assuming  that  the  transfer  function  of  the  Integrating  circuit  is 

for  practical  purposes  equal  to  and  adding  it  to  (3*87),  we  obtain  the  trar.s- 

£ 

fer  function  of  the  converter  unit  in  the  following  form: 


«£</>)=- 


Kv- if  (nTc ■A  +  OA+*'.,  (r,  r+j) 


(3.69) 


Of  the  two  control  systems  considered,  the  second,  i.e.  control  according  to 
the  error  and  the  derivative  and  integral  of  the  error  with  respect  to  time  is  the 
more  perfect.  It  Is  the  one  which  should  be  adopted  since  under  this  syatem  there 
is  more  possibility  of  fully  ensuring  that  the  integrator  functions  properly  In 
actual  conditions.  Naturally,  the  entire  servodrive  in  this  case  should  be  cor¬ 
rectly  designed  and  should  have  a  fairly  high  amplification  factor.  A  high  ampli¬ 
fication  factor  enables  the  servodrive  to  work  at  low  output  voltages  UQUt  from 
the  integrating  gyroscope,  or  in  other  words,  at  very  small  angles  of  rotation  Q 
of  the  floating  gyroassembly  with  respect  to  the  instrument  housing. 

Turning  to  the  power  amplifier,  let  us  assume  that  it  is  linear  and  for  prac¬ 
tical  purposes  inertiedess,  by  virtue  of  which  its  equation  will  take  the  form 


4  "  -Lfc,  la  -C' 


(3.90) 
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Kj  i  is  the  amplification  factor  In  asp/volt. 

Successively  substituting  Eqs,  (3.84)  and  (3*83)  Into  Eq..  (3-90)»  ve  obtain 
an  equation  for  the  whole  amplifier 


la  =  *a(p)yout> 

In  which  the  transfer  function  of  the  amplifier 


(3-91) 


«a(p)  =  Kycut,U  £tfc,  IaWg(p). 


(3-9?) 


3.  Slave  Motor  with  Reducer 
Taking  the  slave  motor  to  be  inertialess,  we  obtain 


?i»ot  ”  ~  -la*  ^iaot-5 


(3.93) 


where  linot  ■00ient  0X1  the  output  shaft  of  the  reducer  In  gf-cm,  and 

-*e*  *Saot  *8  aaiP3-i*lcatlon  factor  of  the  slave  motor  with  the  reducer  In 
gf-ca/amp. 

The  minim  sign  In  Eq.  ( 3-93 )  means  that  the  output  shaft  of  the  reducer  turns 
the  housing  of  the  floating  Integrating  gyroscope  In  the  opposite  direction  to  Its 
absolute  angular  velocity  «  ,  since  positive  w  produce  corresponding  currents 
Ia,  which  are  also  taken  as  positive. 


1  4.  Platform 

I 

Let  us  consider  that  the  only  external  moment  which  may  act  upon  the  platform 
!  about  the  Input  axis  £  of  the  Integrator  is  the  moment  transferred  to  it  by  t 
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the  output,  shaft  or  the  reducer#  The  equation  for  the  motion  of  the  platform  with 
respect  to  the  base  of  the  Integrator  about  Its  Input  axis  ^  car.  then  be  vritter. 

In  the  form 


£ref  “rel  “  ?!iaot' 


(3-94) 


vhere  Jref  is  the  reference  moment  of  inertia  eq.ua!  to 


iref  =  ipl  +  Jyef  g^-cn-sec2. 


(3-95) 


Here, 

Jpl  la  the  moment  of  Inertia  of  the  platform  vith  all  the  rigidly  attached 
parts  of  the  construction  with  resre:t  to  the  Input  axis  £  of  the  Inte¬ 
grator  In  gf-cm-sec2,  and 

iref  8um  niaments  of  Inertia  of  the  .slave  motor  rotor,  referred  to 

the  output  axis  £  of  the  integrator,  and  all  the  parts  of  the  reducer 
rotated  by  It  In  gf-cm-sec2. 

j  In  the  form  of  an  operator  Eq.  (3.94)  becomes 

i 

I 

-r (3<96) 


where  the  transfer  function  of  the  platform  Is 

t 


(3-97) 


If  It  Is  necessary  to  take  Into  account  the  effect  of  any  disturbing  moments 
(which  ve  will  denote  Mdlst)  on  the  platform,  for  example,  the  moment  of  Imbalance, 
the  following  equatlor  should  be  used  instead  of  Eq.  (3.96) 

i 
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<  * 


(3.98) 


Thus,  ve  have  considered  all  the  parts  of  the  integrator.  A  functional  dia¬ 
gram  of  the  instrument,  compiled  from  the  equations  obtained  and  on  the  assumption 
that  the  transfer  function  of  the  converter  unit  is  defined  by  Eq.  (3.89),  is  given 
in  Fig.  3 <6. 

Let  Ufa  now  formulate  the  equation  for  the  integrator  -  the  differential  equa¬ 
tion  of  motion  of  the  platform,  or  vhat  is  the  6ame  thing,  the  gyroscope  housing, 
about  the  input  axis  jr  of  the  integrator.  This  equation  can  either  be  obtained  by 
the  normal  methods  on  the  basis  of  the  functional  diagram  in  Fig.  3.6,  or  by  suc¬ 
cessively  substituting  Eqs.  (3-93),  (3*9l),  and  (3-82)  into  Eq.  (3-96).  In  either 
case  the  desired  equation  is  obtained  in  the  form 


I tt  </>)  +  i) ir o>)i» , r  - k,f 9  jt u 
—  — *.w/.  mAh], 


(3.99) 


where  the  transfer  function  is 


U Hp)=K„  mW.*  (pWAp)  ( p y 


(3.100) 


Floating  integrating 
I  7  roar  op • 


Amplifier 


Slav*  Motor 

with  rdurrr  platform 


T-.  r~r 

f,:r;  '*'■-}  'My 


Fig.  3*8.  Functional  diagram  of  uniaxial  space  integrator  of  angular 
velocity  with  floating  integrating  gyroscope  and  servodrive. 
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Replacing  the  transfer  function  W  (p)  in  Eq.  (3*99)  by  the  expression  for  it 
(3-100)  and  applying  Eqs.  (3-^6),  (3-92),  (3-09),  and  (3-97),  this  equation  can 
be  reduced  to  the  form 


{r,(7p  +  iKr{r+i)+/f.[/»(«rc^+i)+-^^_(r/»-M)]j«r.l- 

=  -K.\p(nTtp  +  !)  +  -lit-  (rcp+  I)  x 

l  AU*«/C 

X 7 (3-101) 

vhere 

*VT  K.,Om>KuMt.vKv.ucKvc.itKit.  . l.  (3-102) 

As  agreed,  the  orientation  of  the  input  axis  of  the  integrator  in  space  is  in¬ 
variable,  as  a  result  of  which  V  *  V  ■  O.  At  first,  however,  let  us  take  it  that 

M 

the  acceleration  7*0  and  see.  In  principle,  how  its  effect  on  the  work  of  the 
Instrument  can  be  eliminated.  If  **  *  constant,  -  constant,  V  ■  const 

j  and  Mi  a  const,  then,  taking  p  =  0  in  Eq.  (3.101),  we  find  that  the  work  of  the 
Integrator  in  the  steady  state  is  described  by  the  equation 

'  I  * 

-  " <- -  'c.--  *f. *T  - -M,).  (3-103) 

In  an  ideal  integrator  the  angular  velocity  ••  rel  should  be  a  function  of  the 
angular  velocity  «•  tra  and  the  current  Icon  alone.  In  actual  fact,  as  is  clear 
from  Eqs.  (3-99)  and  (3-103),  both  in  the  transient  and  steady  states  the  velocity 
«»rel  depends  on  the  moment  M.  and  the  acceleration  V  ,  and  this  leads  to  corre¬ 
sponding  errors  in  the  integrator.  Hie  moment  causes  drift.  The  components  of 
this  moment  are  due  to  various  causes,  but  they  can  all  be  divided  into  tvo  basic 
^categories:  systematic  components  and  random  components.  Thus , 
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¥?i  =  syst  +  ??i  rand. 


(3.104) 


where  8y6t  1«  the  systematic  component,  and 

&  rand  18  the  random  component  of  the  moment 

It  follows  from  Eqs.  (3.99)  and  (3.IO3)  that  if  the  current  I-„  r  t 

.con  -con  syst 

Impressed  upon  the  secondary  winding  of  the  microsyn-torquer  is  such  that  the 
equality  -  j«icon,  „  ICon  ^  8yst  -  syst  =  0  is  satisfied,  i.e. 

^a,  «• 

lenn^l  Syst  “  “  V  ^i  syst  (3.105) 

-  —I  W  - 

-con. 


the  effect  of  8yst,  the  systematic  component  of  moment  M^,  will  be  eliminated. 
1  In  other  words,  the  systematic  component  of  the  angular  velocity  of  drift  will  be 
;  eliminated.  The  moment  rand  cannot  be  compensated,  on  the  other  hand.  The 
j  random  component  of  the  angular  velocity  of  (Lift  produced  by  It  determines  the 

performance  of  the  Integrator  (stabilizer)  la  the  region  of  small  wngniar 
velocities. 

In  this  way,  complete  compensation  for  the  effect  of  the  moment  M*  is  not 
|  possible  due  to  the  random  components  In  it.  In  adjusting  the  floating  integrat¬ 
ing  gyroscope  every  attempt  should  be  made  to  reduce  the  moment  and  parti cu- 
j  larly  its  random  component  rand. 

To  compensate  the  effect  of  the  acceleration  V  on  the  functioning  of  the 

Integrator,  as  Is  clear  from  Eqs.  (3.99)  and  (3.IO3),  a  current  Icon  =  Icon  *• 

|  should  be  supplied  to  the  control  winding  of  the  microsyn-torquer  such  that  will 

satisfy  the  equality  -  kT  „  I___  ••  -  ••  r  0. 

I  ~£con>  •*  -con  y  -  y  f  u  y 

•  i.e. 


1 


1 


1 


1 


t- 


(3.106) 
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while  the  integrator  Is  work 


If  the  acceleration  V  changes  in  a  random  way 
ing,  in  order  to  compensate  for  it,  it  is  essential  to  measure  the  acceleration  in 
acne  way  or  other  and  in  accordance  with  its  current  values  vary  the  current 
t  ~  in  such  a  way  that  £q.  (2.106)  is  always  satisfied. 

-COD  11  ,  V  » 

Assuming  that  in  the  Integrator  the  moment  sy8t  i«  compensate  ,  tie  momen 
Mi  rand  18  for  Poetical  purposes  zero,  and  that  the  acceleration  is  V  =  0,  or  is 
compensated.  Instead  of  Eqs.  (3-99)  and  (3-103)  ve  obtain  respectively 

[17(F) +  11-,**=  -  W'(/’)Kr.-*'  0»*-/  (3-1-07 


(3-108) 


I»  these  equations  Ic0„  denote.  the  current  supplied  to  the  control  rinding 
Of  the  mlcrosyn-torquer,  apert  fro.  the  current  supplied  to  It  for  purpose,  of 
the  given  c-pensatlon.  This  current  J00„  cs»  he  called  the  Input  current  of  the 


gyroscope  or  integrator  e 

From  Eq.  (3-107)  for  the  dynamics  of  the  integrator  and  Eq.  (3-108) 
describing  its  statics,  we  can  easily  obtain  equations  for  the  two  possible  special 
working  regimes  of  the  integrator:  the  geometrical -stabilization  regime  (jcon  -  °) 
a  d  the  spatial  -integration  regime  (  -tra  =  0).  Assuming  the  current  Icon  *  0  in 
Bq.  (3-107),  ve  obtain  the  following  equation  describing  the  dynamics  of  the 
integrator  in  the  geometrical-stabilization  regime: 


liroo+iK.^-^W”' 


(3-109) 


Cost— spoadlcgly,  vhsh  -  0,  «»*  fro.  Eq.  (3-106)  th.t  1»  th.  •««* 


geometrical -stabilization  regime,  i.e.  vhen  «*  tra  =  const. 


*  r-i 


(3-110) 
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»*  and,  consequently,  the  orientation  of  the  platform  (the  gyroscope  housing)  in  in- 

% 

ertial  space  ream  ins  unchanged.  In  practice,  however,  this  equality  16  only  ful- 
►  filled  with  a  high  degree  of  accuracy  in  the  working  range  of  the  Integrator. 

Hence  the  basic  value  describing  the  work  of  the  gyroscope  when  tested  within  the 
Integrator  system  in  the  steady  geometrical -stabilization  regime  is  the  factor 


<*- 


'mrrt  ... **  >«t 

I* tt.'tif  —  ira  *  "P 


To  evaluate  the  deviation  of  this  factor  from  a  particular  value 


(3-lH) 


(V  )  «  —IH1  •“  = 


(3.112) 


< 


!  taken  as  the  calibration  value,  let  us  Introduce  the  Relative  dimensionless  factor 
in  accordance  with  Formula  (3.56) 


(A. 

in 


1*-  it.  - ril) 

(*  *lr.  •  «  r  »|)  ..I 


(3.H3) 


Alongside  this  factor,  it  is  convenient  to  consider  as  well  the  relative  er¬ 
ror  of  the  output  value  w  rel  which  according  to  Formulas  (3.58)  and  (3.59)  will 

i  be 


r.,-1 

•  iri 


Assuming  «  s  0  In  Eq.  (3.IO7),  and,  consequently,  w  ^ 
the  equation 


(3.11*0 

,  we  obtain 


i^w+n— vw 


(3.1*5) 
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which  describes  the  dynamics  of  the  Integrator  In  the  spatial-integration  regime. 
From  Eq.  (3*108)  it  follows  that  in  the  steady  state  with  Icon  *  constant 

Consequently,  the  steady-3tate  spatial-integration  regime  is  characterized  by  the 
factor  £lcon  w  >  vhich  <ias  been  given  fairly  thorough  consideration  above. 

Equation  (3.IOI),  which  describes  for  the  general  case  the  dynamics  of  the 
integrator  (stabilizer),  shows  that  the  dynamic  properties  of  the  latter  are  de¬ 
termined  by  the  dynamic  properties  of  the  parts  composing  it.  The  dynamics  of  the 
integrating  gyroscope  are  characterized  by  the  time  constant  T  which  is  determined 
by  Eq.  (3.I8).  As  a  rule,  it  only  amounts  to  a  few  milliseconds.  Hence  the  in¬ 
tegrating  gyroscope  has  a  much  greater  speed  of  reaction  than  the  other  components 
of  the  integrator,  by  dint  of  which  its  influence  on  the  dynamics  of  the  inte¬ 
grator  will  be  insignificant.  The  same  can  be  said  of  any  other  kind  of  device 
using  a  floating  integrating  gyroscope  coupled  with  a  servodrive. 

The  dynamic  and  static  properties  of  the  floating  integrating  gyroscope  are 
such  that  when  coupled  with  a  carefully  selected  servodrive  it  is  possible  to 
solve  successfully  any  problem  to  do  with  geometrical  stabilization  with  respect 
to  inertial  space.  Furthermore,  as  will  be  shovr  in  the  next  chapter,  a  floating 
integrating  gyroscope  fitted  with  a  feedback  circuit  can  be  converted  into  the 
most  improved  form  of  differentiating  gyroscope.  It  can  be  stated  that  the  float¬ 
ing  integrating  gyroscope  coupled  with  a  servodrive  is  capable  of  providing  a  more 
successful  solution  to  many  technical  problems  which  are  solved  at  the  present 
time  by  ordinary  gyroscopes,  and  opens  up  new  horizons  in  the  development  of  gyro¬ 
scopes  . 

|  I«t  us  now  assume  that  a  servodrive  without  integral  control  is  used  in  the 
integrator,  and  that  the  only  control  is  according  to  the  error  and  its  derivative 
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with  respect  to  time.  The  transfer  function  of  the  converter  unit  is  then  deter¬ 
mined  by  Eq.  (3.87).  Let  us  see  hov  this  integrator  will  work  when  the  disturbing 
moments  are  on  the  platform.  Successively  substituting  Lqs.  ( 3-93 ) » 

(3.91)/  (3*92),  and  (3.8s)  Into  Eq.  (3-98),  and  assuming  that  rand  2  y  -  0, 
and  that  the  influence  of  ^  ayst  is  compensated  by  supplying  a  corresponding  cur¬ 
rent  to  the  control  winding  of  the.  microsyn-torquer,  we  obtain  the  following  equa¬ 
tion  for  the  dynamics  of  the  integrator  In  the  presence  of  the  moment  Mdlst: 

(»•(/>)  +  1!-,..-  -  "'(/’>  ['“««—*/  AJ  1+  (/»)  jW  *..e  (3.116) 

where  the  transfer  function  W  (p)  determined  by  Eq.  (3.100)  can  be  presented  as 


(3.117) 


Equation  (3.116)  is  valid  for  any  control  system  since  the  transfer  function 
*»■  i  W  (d)  of  the  converter  unit  is  contained  in  it  in  general  form. 

4-  “C  — 

In  the  case  concerning  us  Vg(p)  Is  determined  by  Eq.  (3-87).  Substituting 
]  this  and  also  the  values  of  the  transfer  functions  tfi.g.(p)  and  Ypl^?^  lnto  E<1' 
(3.II6),  and  applying  the  equalities 


I  sPO  I  f  j  j  Wlf|  r,  1, 


f> 


vhere  •  tra 


is  the  angle  of  rotation  of  the  integrator  housing  in  inertial  space 


about  the  input  axis  jr,  and 

is  the  angle  of  rotation  of  the  gyroscope  housing  with  respect  to  the 
integrator  housing  about  the  input  axis  jr, 


we  obtain 
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\P'UPt  1)<^+,)  +  A'«<',^'r  ,N*"I'= 

-  -A,(«rc/»+  !)(«„.- y*<  .,/..)  + 

+  ±{Tp+l){Tcp+\)M< 


(3.116) 


Here  KQ  is  determined  aa  before  by  Eq.  (3-102). 

It  is  clear  from  Eq.  (3Jl8)  that  If  H^st  -  0,  In  the  atealy  state,  when 

Icon  =  0,  “  re]  ='*tra»  that  ls  to  Bay/  the  orlentation  of  the  Platfor®  (gyro¬ 
scope  housing)  remains  unchanged  In  Inertial  space,  as  In  the  case  of  the  servo- 

drive  with  integral  control. 

Hov  let  «  ^  =  0,  that  is  to  say,  let  the  orientation  of  the  base  of  the 

integrator  remain  unchanged  in  inertial  space,  let  the  current  Xcon  -  0  and  the 
platform  be  subjected  to  the  effect  of  the  constant  moment  Knst-  Kien»  assuming 
p  =  o  in  Eq.  (3.118),  ve  find  that  in  a  state  of  equilibrium 


(3.U9) 


Km 


where 


„  '  „  „  *  (3.120) 

Thin  angle  i3  the  steady  static  error.  The  greater  the  amplification  factor 
Kq1,  the  less  it  will  be.  If  a  servodrive  with  integral  control  Is  used,  this 


steady  error  will  be  tero. 

In  the  practical  Investigation  of  Eq.  ( 3-110)  the  terms  Tg  and  Tgp  can  be 
ignored  in  view  of  the  small  value  of  the  time  constants  T  and  Tg.  In  this  case 


Eq.  (3.H8)  assumes  the  form 
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(3.121) 


where  the  time  constant 


Hie  same  thing  can  be  done  in  Eq.  (3*101). 


(3.122) 


i 

i 

i 

i 

i 

I 

j 

i 
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CHAPTER  IV 


THEORY  OF  THE  FLOATING  DIFFERENTIATING  GYROSCOPE 


The  present  chapter  deals  with  the  floating  differentiating  gyroscope,  taking 
its  specific  features  into  account  and  singling  out  the  parameters  of  interest 
from  the  standpoint  of  its  practical  application,  testing,  and  analysis  of  the 
test  results. 

The  floating  differentiating  gyroscope  differs  from  the  floating  integrating 
gyroscope  in  that  it  contains  an  electrical  or  mechanical  unit  or  arrangement 
which  imposes  upon  the  floating  gyroassembly,  when  the  latter  deviates  from  its 
initial  position  (corresponding  to  a  zero  angular  velocity  “  ),  a  moment  propor¬ 
tional  to  the  angle  of  deflection  tending  to  return  the  gyroassembly  to  its 
initial  position.  As  before,  we  will  call  this  the  elastic  moment  and  denote  it 

A  .  We  will  consider  below  two  types  of  arrangement  for  creating  an  elastic 
-e  • 

moment  in  the  floating  differentiating  gyroscope: 

1)  the  gyroscope  in  which  the  elastic  moment  is  created  by  a  torsion  rod  (or 
any  other  mechanical  spring  or  springs);  this  type  of  instrument  we  shall  call  the 
floating  differentiating  gyroscope  with  torsion  rod; 

2)  the  gyroscope  in  which  the  elastic  moment  is  created  by  an  electrical 
arrangement  using  a  rigid  electric  feedback  circuit;  this  instrument  we  shall  call 
the  floating  differentiating  gyroscope  with  feedback  circuit. 


1A7 
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Section  1.  Differential  Equation  of  Motion  of  the  Floating 
Differentiating  Gyroscope  With  Torsion  Rod 


One  of  the  variations  In  the  design  of  this  Instrument  and  Its  working  prin¬ 
ciple  Is  given  In  Figs.  2.20  and  2.21.  As  in  the  case  of  the  floating  Integrating 
gyroscope,  In  Fig.  2.21  x,  £  and  zQ  are  the  axes  attached  to  the  Instrument  housing, 
z  Is  the  spin  axis,  y  Is  the  Input  (measurement)  axis,  x  Is  the  output  axis,  and 
z  is  the  Initial  position  of  the  spin  axis  z,  corresponding  to  a  zero  angular 
velocity  ut ,  a  zero  microsyn-torquer  control  current  Icon  and  a  zero  output  voltage 

U  from  the  mlcrosyn-pickoff .  The  angle  of  deflection  of  the  spin  axis  z  from 
—out 

Its  initial  position  zQ  Is  represented  as  p  .  In  Fig.  2.21  this  angle  Is  shown  In 
the  positive  sense  of  Its  vectors. 

The  elastic  torsion  rod,  shown  separately  in  Fig.  4.1,  Is  rigidly  attached  by 
one  end  to  the  floating  gyroassembly  (Figs.  2.20  and  2.2l)  and  by  the  other  to  the 
instrument  housing.  Hence  the  moment  imposed  by  It  on  the  floating  gyroassembly 
is  in  proportion  to  the  angle  /J  and  directed  in  such  a  way  as  to  return  the  gyro- 
assembly  to  its  initial'  position.  Thus,  the  moment  Imposed  by  the  torsion  rod  on 
the  floating  gyroassembly  Is 

AJ.  =  *p.  (4-1) 

where  k  Is  the  rigidity  of  the  elastic  torsion  rod  in  gf-cm/rad.  When  the  angles 
^9  »r»  positive,  the  me nent  lies  along  the  x-axis. 

If  a  system  of  springs  is  used  to  create  the  elastic  moment  by  acting  on  the 
floating  gyroassembly  via  a  lever  (or  levers),  Eq.  (4.1)  will  contain,  instead  of 
k,  an  expression  for  the  moment  imposed  by  them  on  the  gyroassembly  with  p  «  1  rad 
This  moment,  if  we  follow  the  method  adopted  earlier,  can  conveniently  be 
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denoted  K  ,,  and  called  the  amplification  factor  of  the  arrange  Kent  crea- 
ting  the  elastic  moment.  In  future,  therefore,  we  will  use  the  following  expres¬ 
sion  for  iJe: 

Mr  (U  .2) 


Arts* 

The  interrelationship  between  the 
individual  parts  of  the  floating  differ¬ 
entiating  gyroscope  with  torsion  rod  is 
clearly  illustrated  in  Fig.  **•£?  which 
shows  the  purpose  of  the  component  parts 
and  their  interrelationship  (ve  assume 
that  the  instrument  is  equipped  with  a 

Fig-  k.l.  Elastic  torsion  rod. 

microsyn-torquer )  •  The  diagram  shows  all 
the  physical  values  affecting  the  work  of  the  instrument  and  determining  the  mo¬ 
ments  acting  on  the  flatting  gyroassembly .  The  symbols  used  are  the  same  as  be¬ 
fore. 

The  physical  values  given  in  Fig.  U.2  are  subdivided  into  three  groups. 

1.  Basic  values.  These  are  the  angle  9  ,  the  angular  velocities  «  and  j  , 

the  current  Icon»  the  voltage  UQut  and  the  moments  I,  M^,  and  M^.  The  inter¬ 

connection  between  these  values  is  shown  by  thick  lines. 

2.  Auxiliary  values.  These  are  the  currents  I^x  and  1^,  the  intake  P^r 
and  the  temperature  »  .  The  interconnection  between  these  values  is  shown  by 
broken  lines. 

3.  Interference .  These  are  velocity  o»z^  and  acceleration  T  •  Their  inter¬ 
connection  is  shown  by  lines  consisting  of  dots  and  dashes. 


_T.-15-9910/V 


189 


Fig.  k.2.  Component  part*  of  floating  differentiating  gyroscope 


The  lines  showing  the  interconnection  (or  influence)  of  the  values  have 
arrows  to  indicate  the  direction  of  their  effect.  Those  of  the  moments  have  small 
circles  on  them  in  addition.  This  means  that  according  to  Newton’s  third  law  the 
parts  which  are  sources  of  moments  experience  an  equal  and  oppositely  directed 
reaction  from  the  parts  on  which  they  impose  those  moments.  The  moments  of  iner¬ 
tia  and  the  components  of  the  interference  moment  M^,  which  inevitably  arise  when 
the  instrument  is  functioning,  have  been  left  out  of  the  diagram. 

Let  us  formulate  the  equation  of  motion  of  the  floating  gyroassembly  about 
its  x  axis  of  rotation  with  respect  to  the  Instrument  housing.  Since  the  only  dif¬ 
ference  between  the  floating  differentiating  gyroscope  we  are  dealing  with  and  the 
integrating  gyroscope  considered  in  Chapter  III  is  the  torsion  rod,  to  obtain  a 
'  differential  equation  of  motion  we  have  to  add  to  the  left-hand  side  of  Eq.  (3*l6) 
the  moment  Me  determined  by  Eq.  (U.2).  The  differential  equation  of  motion  for 
the  floating'gyroassembly  of  the  floating  differentiating  gyroscope  with  torsion 

I 

rod  will  assume  the  following  form 

/tf+ii)+*#V+ (UA) 

«=  //-(COS  9  -  -“J-  *<"  P)“  "t  l-~  M' ' 

The  numerical  values  of  J,  K,  ,  M^,  *  -  k  for  floating  differentiating 

gyroscope  Type  104  No.  55  are  given  in  Tables!  and  5  (Chapter  II,  Section  2). 

|  The  amplification  factors  in  Eq.  <4  A)  will  be  considered  constant,  for  which  we 

!  must  make 

P  -  const,  f  _  -  const,  »  -  const 

|  -gyr  *  -gyr 

I  «  const,  f.  “  const. 

J  -ex  -t 

!  Dividing  Eq.  (4  A)  by  J  and  transposing  the  terms,  we  obtain  the  differential 

i  equation  of  motion  for  the  floating  differentiating  gyroscope  with  torsion  rod  in 
the  following  form: 
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(4.5) 


P  +  2M  +  ,^==4*V »  (cos?  lir.#V- 
— i-4^s.»a».. 

TSmj  constant  coefficients  in  this  equation  are  the  following: 

*^-2./,  -s'- 


(4.6) 


is  the  angular  frequency  of  the  undamped  oscillations  of  the  floating  gyroassembly; 
f  is  the  frequency  of  the  free  undamped  oscillations  of  the  gyroassembly  in  cps 
(tLs  numerical  value  for  gyroscope  Type  10U  No.  55  is  given  in  Tables  4  and  5, 
Chapter  II,  Section  2). 


>  -  “I”,  _ 

Vs  2\JKt.M. 


(4.7) 


is  the  damping  ratio  of  the  floating  gyroassembly  which  is  the  ratio  of  the  actual 
damping  factor  to  the  critical  damping  factor  (this  numerical  value  for  gyroscope 


Type  101*'  NO.  55  Is  given  in  Table  5,  Chapter  II,  Section  2). 


— a. 


AC.  w  * 


if1 - y  */•' 


(4.8) 


(4.9) 


(4.10) 


,  „  .  y  nnf4  if  describe  the  dependence  of  the 

Otoe  amplification  factors  K  >  !Sicon  8,14 

angle  /3  on  the  input  angular  velocity  o>,  the  control  current  Icon  of  the 

sdLcrosyn-torquer  and  the  moment  respectively. 

Equation  (4.5)  is  not  investigated  because  it  is  not  the  angle  (3  which  is  ol 
interest  in  the  final  analysis,  but  the  output  voltage  of  the  microsyn-pickoff . 
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As  In  the  case  of  the  floating  integrating  gyroscope,  the  output  voltage  of 
the  floating  differentiating  gyroscope  emitted  by  the  microsyn-pickoff  is  de¬ 
termined  by  Eq.  (3.13).  The  numerical  value  of  the  amplification  factor  K  „ 

h  -o'* 

for  floating  differentiating  gyroscope  Type  10  No.  55  is  given  in  Table  4, 

(Chapter  II,  Section  2). 

Replacing  ,  j3  and  /Q  from  Eq...  (3-13)*  (3*14),  and  ( 3 •  15 )  In  the  lefthand 
side  of  Eq.  (4.5),  and  substituting  for  ^  the  value  given  by  Eq.  (4.10),  we 
find  the  equation  for  the  floating  differentiating  gyroscope  vlth  torsion  rod: 

+  *(»  +  - 

'  ***..,♦  V  '  > 

+  |cosp *  »in pj-—  fQm—  (4.11) 


where 


K tamU  *•11.  titp  ’ 

KM>u<M*=K*,iKt,um  .»n  »i  <a. 


(4.12) 

(4.13) 

(4.14) 

define  the  depend- 


The  amplification  factors  K  ..  ,  JC_  „  and  10.  „  define  the  depend- 

" w'  -out  -con'  -out  -i'  -out 

ence  of  the  output  voltage  UQut  on  eu,  I^n,  and  Kj  respectively.  The  numerical 

value  of  the  factor  JC  .  for  gyroscope  Type  10^  Bo.  55  is  given  in  Table  5 
“  .out 

(Chapter  IX,  Section  2).  Tills  factor  represents  the  sensitivity  of  the  floating 
differentiating  gyroscope  vlth  torsion  rod  vlth  respect  to  the  input  (measurement) 
angular  velocity  tu  .  , 
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Disregarding  in  Eq.  (4.11)  the  term 


which  is  small  compared 


Kt.Umt  +i* 

to  the  product  b  VQ,  which  is  many  times  greater  than  one,  let  us  rewrite  the 
equation  for  the  gyroscope  with  the  torsion  rod  in  the  following  final  form: 

(>  +  — )U°-t  «■ (»  4  )x 

X  [(cos  p  — si  n  p  j* -  */  -  A* ,  .J + 

+  •';,+ 2^; +'$(»  +  -rr^ — )  A> 


where 


,  un 


^ •,  1/  #.l 

*».  t/ou> 


c 

H  Tm* 


(4.15) 


(4.16) 

(4.17) 


A*, 


1/bu.  _ 


H 


fWlM 
|/c*  • 


(4.18) 


The  second  expression  in  each  of  Formulas  (4.l6),  (4.17),  and  (4.18)  for  these 
amplification  factors  are  obtained  by  substituting  the  corresponding  Eqs.  (4.6), 
(4.8),  (4.9),  (4.10),  (4.12),  (4.13),  and  (4.14)  into  the  first  expression  for  the 

factors . 

I*  comparing  Eqs.  (4.36),  (4.17),  and  (4.lB)  respectively  with  Eqs.  (3-32), 
(3.33),  and  (3-34),  we  see  that  the  amplification  factors  k^Ol J  *7,"'  «“4 
*  «,  are  the  same  in  the  case  of  the  floating  different  -Ung  gyroscope  as  they 

are  for  the  floating  integrating  gyroscope. 

Section  3.  Transfer  Function  and  Frequency  Characteristic  of  the 
Floating  Differentiating  Gyroscope  With  Torsion  Rod 

Assuming  that  the  microsyn-pickoff  is  working  ideally,  in  which  case 
A  -  A' A  -A'  -  A  r*  -  0,  «ad  using  the  differential  symbols 

p  i  ii  d  2  d2 

1  " p 
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we  will  rewrite  Eq.  (4.15)  in  the  form  of  an  operator: 


0>*+2frv +  ’*)</..- 
-*/  J 


t.T* t-"t  — 


Dividing  this  equation  by  p2  +  2b  yQ  £  +  we  obtain 


where 


^i»V  +  3T 


(4.19) 


(4.20) 


Is  the  transfer  function  of  the  floating  differentiating  gyroscope  with  torsion 
rod.  In  actual  working  conditions,  a  small,  and,  in  the  general  case  constant, 
voltage  of  an  Indeterminate  nature  due  to  the  reasons  given  above  will  be  added 
algebraically  to  the  voltage  determined  by  Expression  (4.19). 

Proceeding  In  the  same  way  as  In  Chapter  III,  Section  3,  we  can  obtain  from 
Expression  (4.20)  the  following  expression  for  the  frequency  characteristic  of 
the  floating  differentiating  gyroscope  with  torslci.  rod: 


•  where 


or 


2  »  f 
*  0 


Is  the  relative  frequency 


A!  ^  ..i 


A  (/)  *=  K- 


(4.22) 


(^•23) 


(4.24) 


m 
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(4.25) 


1(f) - 


(1*26) 


!  Expressions  (4.23)  end  (4.24)  are  the  amplitude-frequency  characteristic  of 

the  floating  differentiating  gyroscope  with  torsion  rod.  The  phase -frequency 

i 

characteristic  Is  given  hy  Eq.  (4.26).  The  physical  meaning  of  these  character- 

i 

I  lstlcs  ts  the  same  as  for  the  floating  Integrating  gyroscope. 


Section  4.  Floating  Differentiating  Gyroscope  With 
Torsion  Rod  Operating  in  the  Steady  State 

Let  us  take  the  steady  state  to  mean  the  working  conditions  under  which 

•  •  •  ,  • 
u  -  U  -  0,  the  control  current  X  „  of  the  mlcrosyn-plckoff  (or  there  may  he 
-Out  -OUT  '  -con 

no  plckoff  at  all)  and  the  angular  acceleration  of  the  Instrument  housing  r  being 
equal  to  zero  at  the  same  time. 

Taking  UQU^  -  uout  “  *con  "  ^  »  0  In  Eq.  (4.15),  we  obtain  the  following 

equation  for  the  steady-state  operation  of  the  floating  differentiating  gyroscope 
with  torsion  rod: 

tf...  -  ..,(COS  ?  -  “  ?-*«/•  -  ?)  "■  + 

.  .  (4.27) 


+  A. 


In  so  doing,  on  the  basis  of  Eq.  (4.12)  and  (4.8)  we  have: 


K-.v  —  —  K>.  u  i^ii. _ 

k  OKI  I.J  >.C 


(4.20) 
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If  wfe,  take  A.;  -  A  *t  -  0  in  Eq.  (4.27),  which  will  be  the  case  if  the  voltage 

A  is  not  dependent  o”  time,  we  will  obtain  the  equation  of  equilibrium  for 

the  floating  gyroassembly  (on  condition  ICQn  -  V  -  0) .  The  state  of  eqiil 

which  it  defines  occurs  a  short  while  after  the  instrument  housing  has  begun  to 

rotate  with  a  constant  input  angular  velocity  -•  Thus,  if  A  Is  not  dependent 

on  t,  the  steady  sW  is  merely  the  state  of  equilibrium  of  the  floating  gyroas- 

senbly  for  any  constant,  value  of  the  angular  velocity  w  when  V  *  5COn  *  °* 

But  If  the  voltage  ik.does  depend  on  time,  Eq.  (U.2T),  strictly  speaking, 

will  not  be  the  equation  of' ^Equilibrium  for  the  floating  gyroassembly.  This 

equation  has  been  obtained  on  the  basis  of  the  condition  that  Uout  *  yout  “ 

l.e.  U  *  -  const.  If,  however,  A  depends'  on  time,  then  with  the  equilibrium  of 
•out 

the  floating  gyroassembly  which  occurs  when  «  -  const,  the  voltage  Uout  cannot 

remain  constant.  But  since  In  an  Instrument  working  normally  the  values  A,  A 
and  A  ^  are  fairly  6mall,  the  oscillations  of  the  /oltage  UQut  obtained  when 
the  floating  gyroassembly  Is  In  a  state  of  equilibrium  will  also  be  comparatively 
|  —11  They  will  only  have  an  effect  to  any  great  degree  when  the  values  of  « 
are  small;  the  latter  In  the  steady  state  correspond  to  small  angles  J  ,  and, 

|  consequently,  to  small  output  voltages  U^.  In  order  to  reduce  the  relative 
I  error  In  the  voltage  Uout,  caused  by  the  voltage  A  and  Its  derivatives,  the 
!  factor  K  has  to  be  Increased,  but  this  must  be  done  in  such  a  way  that 

|  there  is  no  bivalent  Increase  in  A  and  Its  derivatives.  We  should  note  that 
In  the  gyroscopes  of  the  Massachusetts  Institute  of  Technology  ^  UQut  f°r  the 
differentiating  gyroscopes  is  double  what  it  Is  In  the  integrating  gyros. 

1  Thus,  when  A  depends  on  time.  It  Is  only  possible  for  Eq.  (4.27)  to  be 
accurately  fulfilled,  when  the  angular  velocities  »  vary  with  A  and  Its  deriv¬ 
atives  . 


_X-jS-5910A 


Hence,  It  la  vital  to  see  to  It  that  A  In  practice  does  not  depend  on  time. 
Let  us  assume  that  thla  la  In  fact  the  case  to  a  high  degree.  Then,  In  Eq.  (4.27) 


1 


I 


we  can  assume  a**  “  *1  *  0,  after  which  the  equation  will  take  the  form: 

X>  w  w 

/  '  .  M  \  U-89) 

-*».•  -r)*+A' 

From  thla  equation  It  will  be  clear  that  when 

cosp  ~  1.  •,.=  Af,=A  — 0 

l.e.  here  the  dependence  of  UQut  on  «*  In  the  steady  state  Is  fully  determined 

by  the  factor  „  .  But  If  co»?  *  1.  •4t/0,  ^  0  ,  then  In  - 

•  tout 

the  steady  state  [see  (4.29)] 

. + 

. . *  \  '  w  owl  ' 

l.e.  here  the  dependence  of  UQut  on  w.  la  determined  by  the  factor  values 
*-  e .„■=  («»#  - "**  *ln 

It  la  not  possible  to  calculate  the  value  of  thla  factor  In  theory  since  and 

A  are  Indeterminate;  It  can  only  be  found  by  experiment,  for  which  purpose  we 

have  to  determine  the  ratio  »  which  we  shall  denote  (— ')#  (the 

index  "exp"  denotes  a  value  found  from  experiment).  Clearly,  this  ratio  will  be 

equal  to  the  factor  K*  tT  .  The  values  of  this  factor  derived  in  this  way  can 
“  **  »=out 

he  conveniently  taken  as  the  experimental  values  of  K,—  ^u’  and  we  are  then 

relieved  of  the  need  to  Introduce  another  coefficient  Into  the  discussion;  we  are 

also  able  to  study  and  take  Into  account  experimentally  the  deviations  of  K„  ti 

“  »-out 

from  Its  nominal  value  which  are  possible  when  cos  (  1  and  *  A  •  0 

U  .  -0  - 

Thus,  taking  the  ratios  (~OUT)  as  the  experimental  values  of  K  fr  ,  and 
*  “  exp  -  w  *  -out 

irking  them  "exp,"  we  obtain  (provided  none  of  the  terms  of  Eq.  (4.27)  can  be 
ignored)  the  following 
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/  Mr  A  \ 

—  K.  f  -fcosp - -  *inp  —  - )• 

In  the  last  term  on  the  right-hand  «lde  it  may  be  taken  that  5Wt  y( 

:  u  *•  After  substitution  we  obtain 
i  -out 

^ ,in  ?  -  *  -  ■  + • 


out 


(4.30) 


The  numerical  values  of  the  amplification  factor  ( K  y  )  may  vary 

— »  -out  _ _ 


exp 


with  «*  .  For  a  quantitative  evaluation  of  the  variation  we  will  use  the  concept 
of  the  relative  dimensionless  amplification  factor,  which,  according  to  Formula 
(3-56),  will  be  In  the  given  case 


<lr,  \  — 

(  <K.>t.  >c.,' 


(4-31) 


where  the  calibration  value  of  (K  y  )  determined  experimentally  Is 

“  *  "out  exp 

{K  u  ,  .  .  (4-32) 

«/..«  '  r. I  (  »  A, I 


The  value  of  (K  )  should  be  determined  under  conditions  where  the 

!  **»  uout  cai 

angle  9  Is  so  small  that  we  can  assume 


co*p=s  1;  sinp%0 


and  where 


l.e.  where  the  Influence  of  angle  f  ,  the  moments  Mt  and  the  voltage  A  are  Insig¬ 
nificant  . 
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In  such  a  case,  as  is  clear  from  the  Eq.  (4.30),  the  amplification  factor 

(K  ||  )  will  be  in  practice  equal  to  the  theoretical  value  of  K  „ 

'  ^°ut  cal  yout 

determined  from  Eq.  (4.28)  and  taken  in  all  preceding  arguments  as  constant.  It 

ia  also  possible,  however,  to  have  cases  when  it  will  not  be  constant.  For  example 

when  the  core  of  the  microsyn-pickoff  is  saturated,  the  dependence  of  its  output 

voltage  ^out  on  the  angle  9  ceases  to  be  proportional.  Hence,  in  the  given  case 

the  amplification  factor  K  y  becomes  variable,  vhich,  in  its  turn,  causes 

"  *  '  --out 

variability  in  the  factor  K  ,  as  is  clear  from  Eq.  (4.28).  Therefore,  in 

”**'  --out 

order  to  cover  all  feasible  values  of  K  n  vhen  considering  (K  n  ) 

^°ut  y°utexprel, 

w  will  mark  it  and  also  the  values  used  to  express  it  with  the  subscript  "cur" 

(current  value).  Then,  in  accordance  with  Equality  (4.28) 


•  nr 


(4.33) 


In  practice,  we  should  choose  as  (K  „  )  a  value  of  the  factor 

i  "**'  Sout  ^ 

(£  y  )  in  the  working  range  of  the  instrument,  i.e.  the  range  in  which 
I  ’  -out  exp 

Uout  exp  Poetically  proportional  to  the  angular  velocity  *»  exp.  In  this  range 

«  >  18  to  a  sufficient  degree  of  accuracy  constant  and  for  practical  pur- 

I  »  =out  exp 

[poses  equal  to  the  theoretical  value  of  K  ..  ,  determined  by  Eq.  (4.28).  Hence, 

|  ~  t  kout 

according  to  Equality  (4.28)  we  can  assume 


(4.34) 


:Slnce  in  the  general  .case  (K  y  )  is  determined  by  Eq.  (4.30),  substituting 

|  '  ^ut  m 

lit  into  Formula  (4.31),  we  obtain 


(4.35) 


Substituting  the  value  of  (K  ..  )  determined  by  Eq.  (4.34),  marking  K 

—out  gai  _**'=o 

i 

vith  the  subscript  "cur"  aixl  substituting  its  value  in  (4.33),  we  obtain 
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1  . *-  ,»  . 

/  -•  M  *  \ 
Xlcos? - ^-iin ?-*»  ..  —  - J 


(U.36) 


g 

For  practical  purposes  Tpil"  Is  always  roughly  equal  to  unity,  but  we  will  leave 

-cal 

this  ratio  In  Formula  (U.36)  in  Its  general  form  so  that  It  may  apply  In  all  cases. 

Analysis  of  Eq.  (U . 36)  shows  that  at  small  angles  9,,  when  cos  &  1, 

sin  0  *t  0,  there  are  three  characteristic  regions  of  values  for  (K^y  ) 

"out  exp  rel 

1.  Working  region.  In  this  region 

//tgr_  *>..■  _  (*t.  j  J 

He  (4-37) 


(4-37) 


M“:L € I  1 


and,  consequently. 


(K-.c  M)u,,ua  '• 


(*•39) 


Thus,  In  this  case  the  output  voltage  UQut  will  be  proportional  to  the  Input 


angular  velocity  m . 

If  In  Eq.  (4.36) 


I  I-—1  «cos? 

1  W  I  Vo«!  I«u 

Wc«r^  *<«»_  (^s.ly  *twr  ^  | 

//„,  Sc.r  iM 


but  the  term  ~°  sin  9  cannot  be  Ignored  In  comparison  with  cos  f  and 

«* 

cos  f  1  cannot  be  assumed,  then 

<*- „,=  *  =  cos  sin  ?. 


(4.39) 
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In  this  case  Uout  will  not  only  depend  on  the  Input  angular  velocity  •»,  but  also 

on  the  angular  velocity  •»  ,  which  Is  highly  undesirable  since  It  prevents  us 

-0 

obtaining  an  Idea  of  the  angular  velocity  «*  from  the  voltage  you*. 

2.  Region  In  which  the  Influence  of  Indeterminate  (random)  Interference  Is 


considerable.  In  this  region 


^rtr  ^  V  •«<  _  ^  | 

^tll  *<"< 


But  the  absolute  values  of  both  terms 

^ 

(or  either  one  of  them)  are  such  that  they  cannot  be  Ignored  In  comparison  with 
unity  l.e.  in  this  region  only  one  (or  neither)  of  the  equalities 


4> 


M, 


<  1;  1 7/-!  «  1 
1  ^o«i  mat 


la  satisfied.  In  this  region,  therefore. 


'  *  •**  '***  r*l  m 


(4.1»0) 


In  this  expression  the  two  last  terms,  which  are  the  Indefinite  (random) 

values,  can  he  both  positive  and  negative. 

Thus,  in  the  given  region  the  factor  (K  )  Is  a  variable  of  a 

”  **  -out  , 

i  exj  rel 

random  nature  on  account  of  the  random  nature  of  the  moment  and  the  Indetermi¬ 
nate  character  of  the  voltage  A  .  Ibis  region  occurs  at  smt  1  values  of  the  In¬ 
put  angular  velocity  *»  vhen  the  gyroscopic  moment  Is  commensurate  with  or  lera 
than  TCie  boundary  of  this  region  determines  the  minimum  augular  velocity 


min 


which  can  be  measured  with  the  Instrument. 


X 
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3.  Region  In  vhlch  the  amplification  factor  cf  the  alcrosyn-plckoff  Is  n 


variable  (region  of  saturation  of  core  of  microsyn-ptekoff ) .  In  this  region 


'  <£1.  • 


»  A 


i  U  »«f 


,  |  it  rw  ^  ^  f  ^  | 


// 


(U.Ul) 


by  virtue  of  vhlch 


(  -.1' ->«, 


(4.1*2) 


and,  consequently.  Is  a  variable.  This  region  occurs  at  high  values  of  the 
■ensured  angular  velocity  •»  when  the  output  voltage  Tiout  Induced  In  the  secondary 
vindlng  of  the  alcrosyn-plckoff  reaches  values  at  vhlch  there  Is  saturation  of  the 
core.  The  boundary  of  this  region  determines  the  maximum  angular  velocity  vhlch 
the  Instrument  can  measure. 

In  order  to  Increase  the  working  region  the  boundary  of  the  second  region  has 
to  he  reduced  and  that  of  the  first  region  Increased  In  every  way.  The  former  can 
be  achieved  by  Improving  the  design  of  the  torsion  rod  with  a  vlev  to  Increasing 
Its  transverse  rigidity,  by  the  greatest  care  In  the  manufacture,  assembly  and  ad¬ 
justment  of  the  Instrument,  and  by  supplying  It  vlth  power  from  stabilized  sources . 
jlf  a  alcrosyn-torquer  Is  used,  the  systematic  Interference  component  may  be  re¬ 
duced  by  supplying  an  appropriate  current  5con  bo  Its  control  vindlng.  The  second 
case  can  be  mde  possible  by  using  materials  vlth  high  Inductance  vhlch  for 
practical  purposes  are  not  subject  to  hysteresis.  Nevertheless,  the  upper  boundary 
Is  still  basically  determined  by  the  Influence  of  the  angular  velocity  u  ,  per- 
alt  ted,  vhlch  fact  requires  limitation  of  the  angle  of  rotation  9  of  the  floating 
gyroassembly  and  the  measured  velocity  “  - 

Let  us  consider  vhlch  conditions  have  to  be  fulfilled  In  order  that  the  opera¬ 
tion  of  the  Instrument  under  conditions  of  varying  Input  angular  velocity  m  may 
correspond  as  closely  as  possible  to  operation  In  the  steady  state.  In  other 
vords,  under  what  conditions  will  the  output  voltage  be  In  practice 


20) 
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proportional  tc  the  angular  Telocity  -  not  only  when  the  latter  is  constant,  but 
also  vhen  it  varies • 

Dividing  Eq.  (4.15)  by  *  *  *nd  assuming  a' j  -  <*  *\t  *  °»  let  U6  "" 

vrite  it  in  the  form 

-  K. .tfM[(cosp— (4A3) 
-  *..-1  -  **  +  A> 


where  T„  and  T,  denote  the  time  constants 
-O  -X 


(4.44) 


<■ 


r,=  —  ^  ••• 

n 


(4.45) 


Clearly,  for  the  operation  of  the  instrument  under  conditions  of  a  varying 
input  angular  velocity  -  to  correspond  in  practice  to  operation  in  the  steady 
state,  the  first  two  tenas  in  the  left-hand  side  of  Eq.  (4.43)  would  have  to  be 

.toll  vlth  th.  third  to  Tor  thl.  the  hotottof  %  toi 

Tj  tow  to  to  .toll  for  their  part.  It  follow,  directly  fro.  E,«.  (h.M)  «od  (h-W) 
W  to  obtain  small  time  constants,  the  Instrument  has  to  be  made  in  such  a  way 
'that  the  moment  of  inertia  J  and  the  specific  damping  moment  K  -  ,  ^  are  as  small 
a.  possible,  and  the  rigidity  of  the  torsion  rod  k  f  «  as  possible.  An 

ideal  instrument  would  have  J  ■  0;  we  could  then  take  it  that  K  .  .  ^  -  0.  It  1. 
impossible,  however,  to  make  an  instrument  with  J  -  0,  and  if  J  /  0,  it  is  also 
impossible  for  K  .  ,  -  0.  Moreover,  the  design  itself  of  the  floating  gyroscope 

conditions  the  presence  and  necessity  of  damping,  1  -e .  5  J  ,  ^  i  °*  Fr0“  tbls  lt 


f  * 
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1b  clear  why  In  the  floating  differentiating  gyroscope  the  damping 


) 


should  be  leas  than  In  the  floating  Integrating  gyroscope. 

In  the  ideal  case,  that  is,  when  TQ  ■  -  0,  the  transfer  function  and  the 


frequency  characteristic  of  the  floating  differentiating  gyroscope,  as  Is  clear 
from,  (4.20),  (4.21),  (4.22),  and  (4.44),  would  be  equal  to 


.  o>)= »: .  <//> 


Let  us  determine  the  values  of  and  for  the  floating  differentiating 

k 

gyroscope  with  elastic  torsion  rod  Type  10  Ho.  55.  Let  us  take  the  calculated 
values  from  Tfebles  4  and  5  (Chapter  II,  Section  2): 

7-0.035  ft  -Cm  j 

’®.l 


From  formula  (4.6) 


From  Formula  (4;7) 

*“2  y ™  2/0.035  494  “° 8,7 

Applying  Formulas  (4.44)  and  (4.45),  we  obtain 


(4.46) 


(4.47) 


— -O.OOM  ..c. 


(4.48) 


2  0,617 
119 


>0.0104 


»•* 


(4.49) 
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Section  5*  Equation  for  Floating  Dlffercntlatln, 


With  Feedback  Circuit 


Figure  4-3  is  a  slnplifled  block  diagram  of  a  floating  differentiating 
gyroscope  with  feedback  circuit.  The  instrument  consists  of  a  floating  integrat¬ 
ing  gyroscope  1  and  an  amplifier  2.  The  output  voltage  produced  by  the 

mlcrosyn-plckoff  of  the  integrating  gyroscope  is  fed  Into  the  amplifier  input  2. 
The  amplifier  output  current  is  passed  through  the  feedback  channel  to  the  con¬ 
trol  winding  of  the  microsyn-torquer  of  the  integrating  gyroscope.  A  detailed 
diagram  of  the  parts  of  the  Instrument  is  given  in  Fig.  4.4.  The  diagram  is 
similar  in  layout  and  rysbols  used  to  that  of  Fig.  4.2. 


The  output  current  from  the  amplifier  is 


(*•50) 


where 


e  Kj.  -  is  the  amplifier  amplification  factor  in  amp/volt. 

'-out,  -a 

Replacing  the  voltage  Eq.  (4.50)  by  the  value  for  it  obtained  by 


(3*13),  ve  get 


(^51) 


From  this  it  is  clear  that  the  current  I  is-  in  direct  proportion  to  the  angle  9 

“A 

with  an  accuracy  continuing  up  to  the  value  1C.  _  A  ,  which  in  a  normally 

'-out,  ±a 

working  Instrument  is  small  because  of  the  smallness  of  the  voltage  A  .  As  has 
been  said,  the  current  1^  is  passed  along  the  feedback  channel  to  the  control 
winding  of  the  microsyn-torquer.  Under  its  Influence  the  microsyn-torquer  imposes 
a  moment  on  the  floating  gyroassenbly  which  on  the  basis  of  Formula  (3 *10)  will  be 
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(4.52) 


At,  -*W*.  +  *)• 

From  this,  disregarding  the  voltage  d,  we  obtain 

M,  ~Kicmm,Kv  (4*53) 

Thus,  the  moment  created  by  the  mlcrosyn-torquer  under  the  Influence  of  the 
current  I&  vlll  be  directly  proportional  to  the  angle  f  and  directed  In  cuch  a 
way  as  to  reduce  that  angle  to  zero,  l.e.  to  return  the  floating  gyroassembly  to 
Its  Initial  position.  In  other  words,  this  moment  Is  In  nature  exactly  the  same 
as  the  elastic  moment  created  In  the  previous  version  of  the  floating  differenti¬ 
ating  gyroscope  by  the  elastic  torsion  rod  (or  by  a  spring  or  springs).  In  this 
version  of  the  Instrument  this  moment  Is  created  purely  by  electrical  means,  with¬ 
out  the  use  of  any  elastic  mechanical  parts. 

It  should  be  pointed  out  that  this  Instrument  should  work  better  than  the 
previous  one  since  both  Its  gyroassembly  supports  are  rigid,  whereas  In  the  torsloa- 
rod  gyroscope  one  of  the  supports  --  the  one  constituted  by  the  rod  —  Is  elastic. 


Fig.  4.3.  Simplified  diagram  of  parts  of  floating 
differentiating  gyroscope  with  feedback  circuit. 

1)  Floating  differentiating  gyroscope;  2)  amplifier. 

Besides  the  current  Ia,  the  control  winding.  In  the  general  case,  may  receive 
another  current  ±con,  for  example,  to  compensate  for  the  Interference  moment.  In 
the  general  case  the  current  received  by  the  control  winding  of  the  corrector  Is 

m 
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Fig.  U.l*»  Block  diagram  of  floating  differentiating  gyroscope  vith  feedback  circuit 


r  -/  +/  -av  ,,/t/  +/  . 

co*  #  ■  i on  4  •■!  *«  *wl  fii 


(4-54) 


Both  the  vulture  U  .  and  the  current  I  can  be  taken  as  the  output  signal 

proportional  to  the  angular  velocity  oj  -  It  ie  preferable,  however,  to  take  the 

current  I  . 

-a 

Let  us  formulate  the  equation  for  the  floating  differentiating  gyroscope  with 

feedback.  To  do  so,  ve  have  to  replace  the  current  IcQn  in  Eq.  ( 3 - 24)  by  the 

current  I'  determined  by  Eq.  (4.54) .  Next,  transposing  the  ter*  containing 
-con 

U  .  vhich  is  the  "elastic  moment,"  to  the  left-hand  side  of  the  equation,  we 
-out' 

obtain  the  desired  equation  in  the  following  form 


P.V  Ml 

1  +  -  )|A'.  u  *-K,  .i'  /  -Kxu  1- 


■( 


'MW 


-55 ) 


*iv»«»  first  term  on  the  right-hand  side  of  Eq.  ( 4.55 )  should  be  Multiplied  by 
the  term  in  brackets 

(cos p - unf). 

which  in  deriving  the  equation  for  the  floating  integrating  gyroscope  was  taken  aa 
equal  to  unity  assuming  angle  ^3  is  small.  The  re  as  on  for  this  is  that  the 
floating  differentiating  gyroscope  operates  at  angles  ft  which,  though  soall,  are 
finite,  whereas  the  floating  integrating  gyroscope  operates  at  angles  P  close  to 
zero.  Dividing  Eq.  (4-55)  by  the  time  constant  T  and  introducing  parameters 
similar  to  those  introduced  earlier  for  the  floating  differentiating  gyroscope  with 
torsion  rod,  we  obtain 
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u.. .+*>•>' K.S  ’‘I'  +  7?’—)u-~ 
9  •••  1 


(**-56) 


The  constant  coefficients  in  this  equation  are  determined  by  the  following 


equalities 


ttKh*«U  »..■  1  /  w.  _ 

r  »  r*». 


(**-57) 


•-  / -V- 


(4-58) 


Is  the  angular  frequency  of  the  free  undamped  oscillations  of  the  floating  gyro- 
assembly.  The  second  variation  of  Eq.  (4.57)  is  obtained  by  using  Formulas  (3-26) 
and  (3-20). 


(4-59) 


is  the  amplification  factor  equivalent  to  the  rigidity  cf  the  torsion  rod  k,  or, 

what  amounts  to  the  same  thing,  the  amplification  factor  K  ^  • 

-a 

Expressions  (4.58)  and  (4.59)  are  obtained  by  successive  sGbstitutlon  of 
Bqs.  (3.26),  (3-18),  and  (3-20)  into  Formula  (4-57). 

'  J_  1  ,/  '  „  *>■"«  ,  ^,60) 

b  “  2t4  ”  2T  V  ACpt  M  (  “  V- «  ”2 


Is  the  damping  ratio  of  the  floating  gyroassembly. 


(4.61) 
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The  second  expression  for  the  given  amplification  factor  Is  obtained  by  the  sue 
cesslve  application  of  Eqs.  (3»25)>  -57) #  (3*19)»  (3*26)#  •J11*  (3*20).  This 

factor  describes  the  sensitivity  of  the  floating  differentiating  gyroscope  with 
feedback  with  respect  to  the  Input  angular  velocity  •». 


(*•62) 


The  second  expression  for  the  amplification  factor  ifr  U  Is  obtained  by 

•con,  -out 

means  of  Eq.  (If. 57) 

K  ,  km,  v  ...  _ _ l _  .«»  (U.63) 


The  second  expression  for  is  obtained  by  the  successive  application  of 

-1,  -out 

Eqs  (3.28)  (^-57),  (3*23),  and  (3-20),  and  the  third  expression  by  substituting 

I 

Eq*  (4 - 59)  Into  the  second  expression. 

Reducing  Eq.  (4.56)  to  a  fora  similar  to  Eq.  (4-15),  we  arrive  at  the  final 
form  of  the  equation  for  the  floating  differentiating  gyroscope  with  feedback  for 
I  the  case  when  the  output  voltage  of  the  mlcrosyn-plckoff  serves  as  the  output 

lvalue  of  the  Instrument: 


I/,,,* +  »?(«  ^'+T-^-)X 

X  ^cos  9  - -^-sin  pj»  -  , -  *i.  -T  “ k* .  J  +  to***,- 


(4.64) 


where 


*  __  nine  v _ _ 

If  •  ■■  “  '^r — •  ..  "ft*  M  i  ,•  l.  in 

H  M  n 


These  three  amplification  factors  are  exactly  equal  to  the  corresponding 
factors  (lf.l6),  (>».17),  and  (4.18)  of  the  floating  differentiating  gyroscope  with 
torsion  rod,  and  to  those  of  the  floating  Integrating  gyroscope  (3*32),  (3*33), 
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and  (3.31*).  Equation  (4.64)  is  similar  to  Eq.  (4.15)  except  that  on  the  right- 
hand  side  there  is  no  term  proportional  to  a  ,  as  there  Is  in  Eq.  (4.15)  for  the 
floating  differentiating  gyroscope  vith  torsion  rod.  This  shows  that  the  voltage 
A  affects  the  operation  of  the  differentiating  gyroscopes  under  consideration  in 
different  ways.  The  absence  of  the  derivative  A  ^  in  the  right-hand  side  of  Eq. 
(4.64)  is  explained  by  the  fact  that  when  deriving  the  equation  for  the  integrat¬ 
ing  gyroscope  we  ignored  the  product  T  a  /see  the  derivation  of  Eq.  (3-24/7. 

The  dependence  of  the  voltage  on  'the  angular  velocity  «*  in  the  steady 

state  is  determined  by  the  amplification  factor  K  y  .  However,  as  can  be 
seen  from  Equality  (4.6l),  this  factor  depends  on  the  amplifier  parameters,  spe¬ 
cifically  on  the  amplifier  amplification  factor  K,.  j  .  ThlB  dependence  can  be 

-out,  -c, 

eliminated  if  the  output  current  1^  of  the  amplifier,  determined  by  Eq.  (4.50),  is 

taken  as  the  output  signal  Instead  of  the  voltage  Uout .  Taking  this  current  as 
the  output  value  of  the  floating  differentiating  gyroscope  with  feedback,  we  re¬ 
place  the  voltage  UQut  in  Eq.  (4.64)  by  the  value  of  it  determined  from  Eq.  (4.50), 
as  a  result  of  which  we  obtain  the  equation  for  the  floating  differentiating 
gyroscope  with  feedback  for  the  case  when  the  amplifier  output  current  I&  acts  as 
the  output  value : 


1 


where 


X  ||cos  P - jin  pj »  -  K  -T  —  j  + 

-t  /,*',• 


(4.65) 


(4.66) 
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Thia  amplification  factor  represents  the  sensitivity  of  the  floating  differ¬ 
entiating  gyroscope  vith  feedback  vith  respect  to  the  angular  velocity  •*  for  the 
case  vhen  the  amplifier  output  current  I  serves  as  the  output  value.  It  is  clear 
fro*B  (^.66)  that  this  factor  only  depends  on  the  angular  momentum  H  of  the 

gyroscope  and  on  the  amplification  factor  of  the  corrector  JCT  M  and  does  not 

=con,  -t 

depend  in  the  least  on  the  parameters  of  the  other  parts  of  the  instrument,  in 
Par-tlcular,  the  amplifier.  It  should  be  pointed  out,  as  can  be  seen  from  Kqs . 
(3*32)  and  (4.66),  that 


Thus,  by  taking  I&  rather  than  Ujut  as  the  output  value,  we  obtain  a  differentiat¬ 
ing  gyroscope  whose  sensitivity  with  respect  to  the  angular  velocity  «*  does  not 
depend  on  the  amplifier  parameters. 

It  is  lsmedlately  clear  from  Eq.  (4.65)  that  the  influence  of  a'  is 

w 

directly  proportional  to  the  magnitude  of  the  amplifier  amplification  factor 


?U  i  . 

!  -out,  -a 

It  should  be  pointed  out  that  Eqs.  (4.?o)  and  (4.54)  only  apply  to  the 
steady-state  operation  of  the  amplifier,  although  in  practice  this  state  does  not 
always  occur.  Equations  (4.64)  and  (4.65)  for  floating  differentiating  gyroscopes 
with  feedback  circuit  can  be  expressed  In  the  form  of  Eq.  (4.43),  hut  since  this 
does  not  provide  us  with  anything  new,  we  will  merely  find  the  expression  for  the 
time  constants  Tq  and  for  floating  differentiating  gyroscopes  with  feedback. 

As  in  the  case  of  the  floating  differentiating  torsion-rod  gyroscopes,  they  will  be 
determined  by  the  first  expression  in  Formulas  (4.44)  and  (4.45),  l.e. 


ri“  ~  = 

*  ^  ' 
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Substituting  Eqs.  (4. 58)  and  (4.60)  Into  these  expressions,  we  have 


r,- 


*««  * 


(4.67) 


and 


t  =2*r,= 


*  ", 


(4.60) 


Section  6.  Transfer  Functions  and  Frequency  Characteristics 
Of  Floating  Differentiating  Gyroscopes  With  Feedback 

Let  us  first  consider  the  floating  differentiating  gyroscope  with  feedback 

In  which  the  output  voltage  U  of  the  mlcrosyn-pickoff  serves  as  the  output 

-out 

value.  Using  the  differential  symbols 

d  2d2 

p  -  —  and  p  - 
‘  dt  ”  dt2 


and  assuming  that  A't  -  0,  we  will  rewrite  Eq.  (4.64)  as  an  operator: 

2  2 

When  the  equation  has  been  divided  by  g  +  2b  1/gP  +  V^q  »  It  can  be  represented  in 
the  fora: 


u  =vrA 


(/»)  [(cos  p  -  **»>)— 


(4.69) 
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where  W^g.fp)  is  the  transfer  function  of  the  differentiating  gyroscope  unier 
cons ide rati on ,  determined,  as  before,  by  Eq.  (4.20).  Now,  however,  the  values 


•  b  and  K 
0  *  -  ■  < 


m  in  the  expression  for  W.  (p)  have  to  be  taken  from  Formulas 
•  —out  -d.g. 


(4.57)  or  (4.58),  (4. 60),  and  (4.6l). 

Equation  (4.69)  fully  coincides  with  the  corresponding  Eq.  (4.19)  for  the 
floating  differentiating  gyroscope  with  a  torsion  rod. 

In  actual  conditions,  as  in  the  case  of  the  torsion  rod  gyroscope,  a  certain 
small,  and  in  the  general  case,  variable,  voltage  of  an  indeterminate  nature  due  to 
reasons  considered  earlier  will  be  algebraically  added  to  the  voltage  deter¬ 

mined  by  Eq.  (4.69). 

The  frequency  characteristic  of  this  instrument  and  also  its  amplitude- 

frequency  and  phase-frequency  characteristics,  as  in  the  differentiating  gyroscope 

with  a  torsion  rod,  are  determined  by  Formulas  (4.21),  (4.2ft),  (4.23),  (4.24), 

(4.25),  «nd  (4.26).  In  the  case  given,  however,  the  values  K  „  and  b 

^  °' 

in  them  should  be  taken  from  Formulas  (4.6l)  and  (4.57)  or  (4.58)  and  (4.60). 

How  let  us  consider  the  differentiating  gyroscope  with  feedback  in  which  the 
output  current  of  the  amplifier  serves  as  the  output  value.  Assuming  that  in 
Eq.  (4.65)  A't  "  and  u8ln8  the  differential  symbols 

\ 


we  can  rewrite  this  equation  as  an  operator: 

( p 1  +  2b^j>  +  i)  lt  =  'l*..  1,  [(cos  ?  —  *in  ?)•  — 

2  2 

Dividing  lt  by  £  +  2b, ^p  +  *  0  •  we  obtain 
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K  -  .  0»)[(co*  p  -  sin  p)  —  *,  -/  „r  * . 


(4-70) 


where 


(k.71) 


la  the  transfer  function  of  the  floating  differentiating  gyroscope  with  feedback 
In  vhlch  the  output  current  I  of  the  amplifier  serves  as  the  output  value.  The 

values  j  >  *q,  and  b  In  (4.71)  should  be  taken  from  Formulas  (4.66;  and 

'  -a 

(4.57)  or  (4.58)  and  (4.6o).  If  a'j  and  do  not  equal  zero,  a  small  inde¬ 
terminate  current  caused  by  these  derivatives  from  the  voltage  a  will  be  added 
algebraically  to  the  current  determined  by  Eq.  (4-70). 

The  transfer  function  (4-71)  coincides  exactly  In  form  with  the  transfer 
function  (4.20)  for  the  floating  differentiating  torslcn-rod  gyroscope  and  the 
feedback  gyroscope  In  which  the  voltage  UQut  serves  as  the  output  value.  Hence, 
if  we  leave  aside  the  slight  effect  of  the  voltage  £  and  Its  derivatives,  which 
are  Impossible  to  take  Into  account  theoretically,  we  find  that  all  three  types  of 
floating  differentiating  gyroscope  considered  have  the  same  dynamic  properties . 

To  obtain  the  frequency  characteristic  and  also  the  amplitude -frequency  and 
the  phase -frequency  characteristics  of  the  floating  gyroscope  with  feedback  in 
vhlch  the  output  current  I  of  the  amplifier  Is  taken  as  the  output  value,  we 
should  apply  Formulas  (4.21),  (4.22),  (4.23),  (4.24),  (4.25),  and  (4.26),  substi¬ 
tuting  K  ^ ^  j  for  K  ^  Into  them,  and  taking  b  and  *q  from  Formulas  (4.60) 

and  (4.57)  or  (4.58). 
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Section  7«  Steady-State  Operation  of  a  Differentiating  Gyroscope 

With  Feedback 


Let  ue  consider  that  the  output  current  of  the  amplifier  Is  taken  as  the 

Instrument's  output  value.  We  will  take  the  steady  state  to  mean  the  operating 

conditions  of  the  Instrument  under  which  i-  =  f-  =  0  with  the  control  current  I 

-5  -*»  _con 

of  the  microsyn-torquer  and  the  angular  acceleration  r  of  the  instrument  housing 
equal  to  zero  at  the  same  time.  In  setting  the  condition  ICQn  =  0  we  do  not  In 
any  way  count  out  the  use  of  the  microsyn-torquer  to  compensate  the  systematic 
component  of  the  moment  ^ .  Given  this  compensation,  Icon  is  taken  to  mean  the 
value  of  the  control  current  over  and  above  the  value  necessary  for  the  said  com¬ 
pensation. 

Thus,  assuming  I*  =  Ia  =  icon  =  V  =  0  in  Eq.  (U.65),  we  obtain  the  following 
equation  for  the  steady  state  of  operation  of  the  floating  differentiating  gyro¬ 
scope  with  feedback  In  which  the  output  current  Ia  of  the  amplifier  serves  as  the 
output  value: 


/.  -  K [(cos  p  -  sin  ?)  —  kM ,  JW ,]  + 


7»Kl 


(^-72) 


Let  us  first  assume  that  =  0.  Then  there  is  a  corresponding  value 

of  the  current  ^  for  each  constant  value  of  the  angular  velocity  »  In  the  steady 
state.  If  when  =  0,  but  is  constant,  and  M±  -jk  0,  but  does  not  de¬ 

pend  on  time,  then  the  steady-state  value  of  Ia  will  not  only  depend  on  »  ,  but 

also  on  w  _  and  M. . 

-0  - 

Let  us  now  consider  what  happens  if  a  ^  ^  0  and  Is  a  function  of  time.  For 
this  purpose  let  us  first  take  a  look  at  the  physical  side  of  the  operation  of  the 
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instrument  when  •  =  =  A  =0.  When  there  1b  an  angular  velocity  «  ,  a  gyro- 

”0  “ 

scoplc  moment  E  m  cos  )  Is  created  which  causes  the  gyroassembly  to  deviate  from 
the  position  g  -  0,  which  It  occupies  when  :  0.  Let  us  assume  that  the  pos¬ 
sible  values  of  the  angle  9  are  such  that  we  can  take  cos  )  1  with  a  high 

degree  of  accuracy,  and,  consequently,  that  the  gyroscopic  moment  is  H  w  and  does 
not  depend  on  the  angle  g  . 

At  the  output  of  the  microsyn-pickoff  there  16  created  a  voltage  UQU*  which, 
reaching  the  Input  of  the  amplifier,  causes  a  current  1^  at  its  output.  The  sec¬ 
ondary  winding  of  the  microsyn-torquer  is  connected  to  the  amplifier  output. 

Given  a  current  Ia,  the  microsyn-torquer  will  Impose  a  counteracting  gyroscopic 

aament  KT  »L  on  the  floating  gyroassembly.  When  the  torquer  moment  becomes 
-icon'  V  - 

equal  to  the  gyroscopic  moment,  i.e.  when 


^Icom  ?ft-2 


=  H„, 


(^•73) 


the  floating  gyroassembly  vill  enter  a  state  of  equilibrium,  in  which  the  current 


h  '  -icon'  *t 


Thus,  the  rotation  of  the  floating  gyroassembly  continues  until  the  current 
acquires  the  value  necessary  for  the  creation  of  a  moment  by  the  microsyn- 
torquer  equal  and  opposite  to  the  gyroscopic  moment.  Since  neither  of  these  mo¬ 
ments  depends  on  the  angles  9  ,  the  current  I*  will  not  do  so  either,  but  will  be 
determined  by  the  input  angular  velocity  w  alone.  For  example.  If  in  a  state  of 
equilibrium  with  «  =  constant  the  voltage  Uout  for  any  reason  changes,  this  will 
first  and  foremost  cause  a  change  In  the  current  I*,  and,  consequently,  a  disturb¬ 
ance  of  Eq.  (U-73)  of  the  moments.  Since  the  gyroscopic  moment  remains  unchanged. 
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the  equality  of  the  moments  may  only  be  restored  by  returning  Ia  to  its  previous 
value.  The  current  Ia  is  a  single -valued  function  of  the  voltage  yout  which  is 
in  turn  a  function  of  the  angle  9  .  Hence  to  restore  the  disturbed  equality  of 
the  moments,  the  floating  gyroassembly  has  to  turn  to  a  new  position  in  which  the 
voltage  Uout  and  the  current  ^  assume  the  old  values  at  which  Eq.  (4.73)  is  satis¬ 
fied.  It  is  quite  clear  that  the  design  of  the  instrument  ensures  that  Eq.  (4.73) 
is  automatically  restored  when  disturbed  through  a  charge  in  U0ut«  Thus,  any 
possible  changes  in  the  voltage  lead  in  the  long  run  to  the  floating  gyro- 

assembly  occupying  a  new  equilibrium  position  in  which  the  current  ^  and  the 
voltage  Uout  assume  their  old  values. 

Let  us  determine  the  value  of  the  angle  /  in  the  equilibrium  position. 
Solving  Eq.  (4.51)  with  respect  to  f  ,  we  obtain 


(4.75) 


The  value  of  the  current  I.  in  the  equilibrium  position  is  determined  by  Eq. 

•A 

(4.74).  Substituting  it  in  (4.75),  we  obtain,  the  value  of  the  angle  0  in  the 
equilibrium  position: 


J 


*•/.—  Kum 


(4.76) 


It  follows  directly  from  this  that  with  the  variation  in  A  and  1^  ia,  /G 
will  also  vary,  but  the  variation  in  the  latter  does  not  affect  the  steady-state 
value  of  Igj  which  remains  unchanged. 

Thus,  the  possible  nonlinearity  of  the  mlcrosyn-pickoff,  i.e.  the  absence  of 
direct  proportionality  between  the  voltage  Uout  and  the  angle  9  ,  has  no  effect 
whatsoever  on  the  dependence  of  the  output  signal  —  the  current  I.  —  on  the 


21? 
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input  angular  velocity  a,  .  This  also  explai:  s  the  fact  that  the  voltage  a  Is  not 
directly  a  part  of  Eqs.  (4.64)  and  (4.65),  and,  accordingly,  Eq.  ^.72).  The  fact 
that  the  voltage  A  la  not  directly  a  part  of  Eq.  (4.15)  for  the  differentiating 
gyroscope  vith  a  torsion  rod  (or  some  other  mechanical  spring)  can  he  explained 
fey  the  following:  in  this  instrument  the  moment  counteracting  the  gyroscopic 
■ooent  is  created  by  a  torsion  rod  and,  consequently.  Is  a  single-valued  function 
of  the  angle  9  cf  Its  twist.  Hence  In  the  steady  state  .here  is  one  definite 
value  of  the  angle  9  for  each  value  of  -  =  const.  The  voltage  U01lt.  serves  as 
the  output  signal;  this  voltage  Is  obtained  at  the  given  value  of  angle  9  and 
has,  as  pointed  out  (see  3-13),  an  indeterminate  component  A.  Thus,  the  differ¬ 
ence  is  that  in  the  torsion-rod  gyroscope  the  output  signal  Is  the  voltage  UQUt 
obtained  at  an  equilibrated  value  of  angle  9  and  not  directly  dependent  on  -  , 
while  In  the  feedback  gyroscope  the  output  signal  Uout  or  I?  is  directly  deter¬ 
mined  by  the  value  of  the  gyroscopic  moment,  i.e.  the  angular  velocity  «  .  We  can 
now  answer  the  question,  posed  earlier,  as  to  what  happens  if  a\  f  0;  in  other 
words  we  can  ascertain  the  physical  meaning  of  the  last  term  in  the  right-hand 
I  side  of  Eq.  (4.72).  To  make  the  argument  simpler,  let  us  assume  that  «  &  -  0, 

!  A.t  =  const,  and  that  when  t  ■  0  the  angle  9  =  0.  In  this  case  the  amplifier 
input  begins  to  receive  a  voltage  which  varies  at  a  constant  rate.  A  current 
A  Ia  will  therefore  begin  to  flow  through  the  control  windingVd  the  torquer  will 
impose  a  moment  £lcon,  M*  *1*  °a  the  gyroassembly.  The  gyroassembly  will 

begin  to  rotate  with  velocity  9  and  will  do  so  in  a  direction  tending  to  reduce 
the  voltage  reaching  the  amplifier  input.  As  a  result  there  will  be  established 
a  regime  under  which  the  gyroassembly  will  rotate  «ith  a  velocity  9  -  const  such 

that  CB®«  (3-lkfl 
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and  the  moment  of  the  torquer  will  be  balanced  by  the  damping  moment,  i.e. 


K,  M  U'  +  Kt.*t~0 

Excluding  f  from  these  equations,  we  obtain 


ftu  is  in  fact  the  current  determined  by  the  last  term  on  the  right-hand  side  of 
Eq.  (4.72).  Consequently,  the  condition  a't  =  const  leads  to  the  appearance  of 

the  current  A  I  -  const.  The  error  produced  in  the  instrument  by  this  current 

—ft 

will  be  •»  *  A  T  (K  t  ).  A  case  in  which  A*t  *  const  is  highly  improbable. 

Much  more  likely  H  A',  i  constant.  If  A'*  varies  according  to  a  periodic  law, 

kr  5 

the  current  I  will  vary  correspondingly . 

—a 

“  •  •• 

Strictly  speaking,  if  A'^  const,  and  cannot  equal  zero,  and  Eq.  (4.72) 
cannot  therefore  be  satisfied.  Thus,  A  -  const  does  not  influence  Ia,  and  does 
not  therefore  cause  any  error.  But  if  A  is  a  function  of  time,  it  causes  an 
error  —  the  greater  the  instantaneous  values  of  a  the  larger  the  error  will  be. 
The  aim  should  therefore  be  to  make  a'  ^  ■*  0,  i.e.  the  voltage  A  should  not  depend 

on  time.  We  will  assume  from  now  on  that  this  is  the  case. 

Up  to  the  present  we  have  assumed  that  the  angle  9  has  been  small  enough  to 
enable  us  to  consider  cos  (  =  1.  But  in  actual  fact  cos  J  ^1  and  the  gyroscopic 

moment  is  therefore  a  function  of  f  .  We  will  show  that  in  this  case  the  current 

^  will  depend  on  the  voltage  A  .  We  should  point  out  in  passing  that  this  de¬ 
pendence  cannot  be  seen  directly  from  Eq.  (4.72)  since  the  angle  f  is  not  ex¬ 
pressed  in  it  through  the  voltage. 
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In  the  equilibrium  position  the  torquer  moment  equals  the  gyroscopic  moment. 


Ki  co*f 

**•'  X  * 


or 


/4— /f-./4»co*p. 


(4.77) 


The  dependence  of  the  current  1^  and  the  angle  $  is  given,  as  before,  by  Eq. 
(4.75).  Substituting  the  value  of  ff  determined  by  this  equality  into  (4.77),  ve 

obtain 


*«,,4-cos 


(4.78) 


The  current  I_  vill  be  the  root  of  this  transcendental  equation.  It  is  quite  clear 
that  it  will  depend  on  a  .  If  in  practice  the  current  I*  is  not  to  be  dependent 
on  A  ,  the  instrument  must  operate  at  small  9  angles  at  which  for  practical  pur¬ 
poses  cob»=  1.  In  order  for  this  to  be  the  case,  as  is  clear  from  Eq.  (4.76),  the 
factor  K  Uout  (the  sensitivity  of  the  mlcrosyn-pickoff )  must  in  turn  be  large 
enough  and  the  current  I£  and  the  amplification  factor  !^out,  1^  Kma11  «nou^1  for 
the  cosine  of  the  fraction  in  brackets  equal  to  the  angle  f  to  equal  unity,  for 
practical  purposes.  When  this  condition  is  met,  Eq.  (4.78)  becomes  (4.74),  l.e. 

the  .Current  I  ceases  to  be  dependent  on  the  angle  f  ,  and,  therefore,  also  on  the 
•ft 

voltage  A  . 

A  direct  influence  on  the  nature  of  the  dependence  of  the  output  signal  on 
the  input  angular  velocity  is  exerted  in  a  differentiating  gyroscope  with  feedback 
by  the  microsyn-torquer  characteristic,  i.e.  by  the  nature  of  the  dependence  of 
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the  moment  created  by  it  on  the  current  1^  (vhen  the  instrument  is  operating 
this  is  the  amplifier  output  current  1^)  fed  to  the  control  vinding.  If  this  de¬ 
pendence  is  not  proportional,  the  dependence  of  the  output  signal  (the  current  I 
or  the  voltage  U^^)  on  the  input  angular  velocity  •*  will  not  be  proportional 

either.  Thus  the  strictest  possible  fulfilment  of  the  condition  KT  u  ■  const 

“icon'  Sit 

is  essential.  And  so  the  differentiating  gyroscope  vith  &  feedback  circuit  has  to 

operate  at  angles  9  for  which  cos  j  1.  In  this  instrument  serious  attention 

has  to  be  given  to  the  microsyn-torquer  to  ensure  that  KT  m  ■  const.  In  the 

“icon' 

microsyn-pickoff  the  voltage  A  should  not  depend  on  time.  It  is  better,  of  course, 
if  it  equals  zero. 

It  is  clear  from  (4.72)  that  when  cos  j  1  and  =  Mi  =  A^  =  0 

£a  =  *-'ia*’ 

|  i.e„  in  this  case  the  dependence  of  ^  on  «  in  the  steady  state  is  fully  determined 
by  the  factor  K  x  .  But  when  cos  0  ^  1,  «#z  z£.0,  M.  ^  0  and  aI^.0,  then, 

as  is  clear  from  Eq.  (4.72),  in  the  steady  state  (in  the  term  containing  a^  ve 
assume 


where 


i,9  ~  and 


Jl _ U  ) 

I 

^  t9i 

co*P— ^  itap-A*  „  —  +  • 


(‘OJ 


Thus,  in  the  given  case  the  dependence  of  1^  on  w  is  determined  not  by  the 

factor  K  T  ,  but  by  the  values  of  the  factor  K1  T  ,  the  numerical  values 

-M|  I  '  -  M  ,  I  _ 

““  mi 

of  which  cannot  be  determined  theoretically  since  M  ,  a'  ,  and  A '  are  indeter- 

•1  9  » 

■inate  values.  It  can  only  be  determined  experl  men  tally,  for  which  purpose  ve 


r-TS-9910/V 


223 


I;  exp  i. 

have  to  determine  the  ratio - ,  which  ve  shall  denote  I — /  .  Obviously,  tills 

"exp  Wexp 

ratio  will  be  equal  to  the  factor  K'  _  .  The  values  of  K*  T  derived  this  wny 

-in,  is 

will  be  taken  as  the  experimental  values  of  K  _  »  which  relieves  us  of  the  need 

-UJj  lg 

to  Introduce  another  factor  into  the  discussion,  and  enables  us  to  study  end  take 
into  account  experimentally  the  possible  deviations  of  the  factor  K  _  from  its 
nominal  value  determined  by  Eq.  (4.66),  which  also  occur  when  cos  ^  «  1  and 

“io-V**'0-  (1.) 

Thus,  by  taking  the  ratios  I — /  as  the  experimental  values  of  the  factor 

Wexp 

K  and  giving  them  the  subscript  "exp, "  we  obtain  for  the  case  in  which 

Heart 

none  of  the  terms  of  Eq.  (4.72)  can  be  disregarded 


(4.79) 


To  evaluate  the  deviation  of  this  factor  from  any  value 


-(t)  ■ 

•  »«*j  1  •  '«»i 


(4.80) 


taken  as  a  calibration  value,  we  have  to  introduce  the  relative  dimensionless 


amplification  factor  in  accordance  with  Formula  (3-56) 


iff  »  _  (*^0*0 

e’ 


(4.01) 


Wi»  value  (K  should  be  determined  under  conditions  where  the  angle  /?  is 

U’  "Seal 

so  small  that  we  can  assume  cos  ^  1  and  sin  f3  &  0  and  where 


•^-0.  *xr  Cl, 

I  i  *  lau 


r~(u*vt) 
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} 


i.e.  where  the  influence  of  angle  9  ,  the  moments  ar.d  the  derivative  At 
are  insignificantly  small.  In  this  case,  as  is  clear  from  Eq.  (4.79),  -he  value 

of  (K  )  will  he  practically  the  Same  as  the  theoretical  value  of  j 

““•*£*  !  -ft 


determined  by  Formula  ( 4.66 ).  However,  since  j 

—a 


cannot  remain  constant  at 


large  values  of  w  (of  current  I  ),  as  (K  .  )  we  have  to  choose  a  value  of 

J  “a  T  *»»  ia. 

-  !  ^  cal 

the  factor  corresponding  to  the  working  range  of  the  instrument,  i.e.  the  range 

in  which  the  current  I  is  for  practical  purposes  directly  proportional  to 

-a  exp 

the  angular  velocity  w  exp ■ 

|  I 

If  these  conditions  are  met,  on  the  basis  of  Formula  (4.66)  we  can  assume 

iir  \  W«,i  (4.82) 


We  will  show  that  values  of  the  factor  (K  j  ) 


fall  into  three 


-  exp.rel 

characteristic  regions  similar  to  those  :’or  the  factor  (kj  )  (we  will; 

exp.rel 

recall  that  K  T  s  _ - _ )  considered  in  Chapter  II,  Section  5. 

h  h. 

icon* 

In  order  to  cover  all  feasible  values  of  the  factor  K  ^  j  in  Expression 

“ft 

(4.79),  we  vill  mark  the  factor  and  the  ralues  used  to  express  it  with  the  sub¬ 
script  "cur"  (current  valued.  Then,  according  to  (4.66) 


earn  1 


(4.03) 


Substituting  (4.83)  into  (4.79)  and  then  (4.79)  and  (4.82)  into  (4.8l),  we  obtain 


nf  \ 


(4.84)- 
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It  la  clear  from  this  that  at  snal  1  angles  $  ,  for  which  cos  J  ft*  1  end  sin  3  ««>  0, 


the  three  follovir.g  characteristic  regions  of  (K  ) 

"  **  >  i- 


values  may  occur, 


-  exp.rel 


in  a  similar  way  to  the  regions  for  the  factor  (kj  —  )  . 

“con,  exp.rel 

1.  Working  region.  Here 

Weir  ^  a  | 


(‘♦.65) 


I*  it 

#  1 

***  I 

r*-" 

®  i* 

■11 

v/..t 

[•♦*£-) 

(4.86) 


and,  consequently. 


/t)r* 


by  virtue  of  which  the  current  I  will  be  proportional  to  the  angular  velocity  w  . 

-2  I 

2.  Region  in  which  the  influence  of  the  indeterminate  (random)  Interference 


|  I 

is  considerable.  This  region  is  characterized  by  the  fact  that  when  the  condi-  j 

tlons  (4.05)  are  met,  only  one  (or  neither)  inequality  (4.86)  is  satisfied.  Hence 


in  this  region 


K":) 


and,  consequently,  is  a  variable  of  a  random  nature  due  to  the  random  nature  of 

M  and  *1.  lhls  region  occurs  at  amaA  values  of  w  when  the  gyroscopic  moment 

-1  - 

Is  commensurate  with  the  moment  M.*  •  The  boundary  of  this  region  determines  the 

I 

minimum  angular  velocity  which  the  instrument  can  measure. 
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Section  8.  Comparison  of  the  Two  Types  of  Differentiating  Gyroscope 


Let  ub  determine  the  frequency  of  the  natural  undamped  oscillation  f^,  the 
Romping  ratio  b  and  the  time  constants  Tq  and  for  the  floating  differentiating 
gyroscope  with  feedback  contednlng  the  floating  Integrating  gyroscope.  Type  101* 
Ho.  79  developed  by  the  Massachusetts  Institute  of  Technology.  For  convenience 
in  comparing  the  values  obtained  with  those  of  the  floating  differentiating  gyro¬ 
scope  with  torsion  rod.  Type  10^  No.  55/  1*1  118  assume  that  the  amplification 

factor  1C.  _  is  chosen  in  such  a  way  that  the  factor  K  ^  [see  Formula 

“-outia  *  *  ■£ 

(4.59)  ]  equals  the  calculated  value  of  the  torsion  rod  rigidity  k.  Thus  we  take 
It  that 


K  M 


k  -  494  gf-cm/rad 


(4.88) 


Let  us  first  determine  the  values  enumerated  above  from  calculated  data  for 
the  integrating  gyroscope,-  and  then  from  the  values  as  measured. 

l)  From  Table  1  (Chapter  II,  Section  l)  we  have  the  following  values  for  the 
Integrating  gyroscope  parameters: 

J  =  0.036  gf-cm-sec2. 


K  ,  v,  -20.39  20.4  gf-cm-sec. 

- 1  >  5t 


From  Formula  (4.58) 


Consequently, 


*_i/— 

•  V  J  Y  0.036 


•  2« 
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From  Formula  (4.6o) 


2.45. 


90.4 


2 J-+  2-0.036  117 


Applying  Eqs.  (4.67)  and  (4.68),  we  find 


T  -  4 

-0  *0 


-  ^  -  0.0086  sec. 


T  =  Zbl^  r  2-2.45 -0.0086  =  0.0421  sec. 

The  calculated  values  of  the  frequency  Tq  and  the  time  constant  Tq  coincide 
for  practical  purposes  vith  those  of  the  differentiating  gyroscope  with  torsion 
rod,  which  are  19  cps  and  0.0084  sec  respectively.  The  slight  discrepancy  Is 
explained  by  the  difference  In  the  moments  of  Inertia  J  of  the  floating  gyreansem- 
hlles  in  the  instruments.  The  calculated  values  of  the  damping  ratio  b  and  time 

constant  are  approximately  four  times  greater  than  those  of  the  differentiating 

* 

gyroscope  with  torsion  rod.  This  is  due  to  the  fact  that  In  the  Integrating  gyro¬ 
scope  the  specific  damping  moment  ,  Md  18  1801  “  than  four  times  greater  than 
In  the  differentiating  gyroscope  with  torsion  rod. 

2)  Frcm  Tables  1  and  2  (Chapter  II,  Section  l)  we  have  the  following  actual 
values  of  the  integrating  gyroscope  parameters : 

f  ^  -  22.12  22.1  gf-cm-sec  (computed  value) 

T  =  O.OO27  sec. 


Applying  Formula  (4.57),  ve  find 


,,/S.  !/_«■_ 

y  TK^  y  0.0027-22.1 


91.2 
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i  v' 


Corre  spondingly 


(^.09) 


From  Formula  (4.60) 


»  =  — L  = - I - =2.03. 

2r*  2  0.0027  91.2 


(MO) 


From  Formulas  (4.67)  and  (4.68) 


7\  =  207, -2- 2.03- 0.011  =0.0447  ... 


Comparing  the  actual  values  of  Zo>  b  and.  So'  with  their  calculated  values 
we  see  that  the  actual  values  of  f^  and  b  are  smaller  than  the  calculated  values 
while  the  true  values  of  Tq  and  are  somewhat  greater  than  the  calculated  values. 
This  is  mainly  due  to  the  fact  that  the  actual  value  of  the  time  constant  T  is 
greater  than  its  theoretical  value. 

Thus,  if  an  ordinary  floating  integrating  gyroscope  Is  converted  into  a 
floating  differentiating  gyroscope  with  feedback,  the  result  is  an  Instrument 
which  has  too  great  a  damping  ratio  b  and,  correspondingly,  too  large  a  time  con¬ 
stant  1^.  From  Formulas  (4.6o),  (4.59),  and  (4.68)  it  is  clear  that  these  values 

can  be  reduced  either  by  increasing  the  amplifier  amplification  factor  JC. 

“-out' 

or  by  reducing  the  specific  damping  moment  K  .  „  ,  or  by  both  methods  together. 

-j  / 

The  following  point,  however,  should  be  kept  in  mind.  When  the  amplification 

factor  of  the  amplifier  is  increased  and  the  time  constants  Tq  and  reduced  at 

the  same  time,  there  is  an  increase  in  the  factor  K  M  (see  Eq.  4.59)  equiva- 

"  9  *  -t 

lent  to  the  rigidity  of  the  torsion  rod  k.  The  factor  K  w  increases  aa  many 

'  9'  -t 

times  as  the  amplifier  amplification  factor.  But  one  should  not  think  of  increas¬ 
ing  the  amplifier  amplification  factor  alone  since  this  would  also  lead  to  an 
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Increase  In  the  current  fed  by  the  amplifier  to  the  mlcrosyn-torquer,  and  this  in 
turn  could  lead  to  saturation  of  the  torquer  core  even  at  comparatively  small  in¬ 
put  angular  velocities  «  .  In  order  to  reduce  the  damping  ratio  b  (2.03)  In  the 

1  i 

instrument  under  consideration  to  its  ca2.c::'’r.*.ed  value  in  the  torsion  rod  gyro- 

I 

•cope  (0.617),  the  amplification  factor  cf  the  amplifier  iCy  j  has  to  be  in- 

j  -out*  -a 

creased  10.8  times  -  In  the  process  the  time  constant  T.  will  decrease  10.8  times. 

;  i 

If  nothing  in  the  design  of  the  instrument  is  to  be  changed,  the  specific 

I  i 

damping  moment  can  only  be  reduced  by  decreasing  the  viscosity  of  the  filler 

I 

liquid.  This  can  either  be  done  by  raising  the  working  temperature  of  the  liquid 

I  | 

or  by  using  a  less  viscous  liquid.  But  filling  the  instrument  with  a  less 

1  1 

viscous  liquid  vill  limit  its  use  since  It  will  be  impossible  tj  use  it  as  an 

1  | 

Integrating  gyroscope.  The  only  instruments  which  can  be  filled  with  a  less  vi6- 
cous  liquid,  therefore,  are  those  specifically  intended  for  use  as  differentiating 
gyroscopes  with  feedback.  Consequently  Lt  may  sometimes  be  more  practical  to 
raise  the  working  temperature  of  the  liqiid.  However,  a  considerable  Increase  in 
the  temperature  in  comparison  with  its  calculated  value  will  decrease  the  effi- 

I 

clency  of  the  instrument  at  small  angular  velocities  on  account  of  an  increase  in 
friction  in  the  floating  gyroassembly  bearings.  The  latter  fact  is  explained  by 
a  reduction,  accompanying  the  temperature  increase,  in  the  buoyancy  of  the  liquid 

,  wli 


as  compared  with  its  calculated  value 
the  weight  of  the  gyroassembly. 


lich  for  practical  purposes  is  equal  to 


Tests  carried  out  at  the  Massachusetts  Institute  of  Technology  on  a  gyroscope 

lot  hi.' 


intended  for  use  in  an  automatic  ptl< 


ive  shown  that  at  increase  in  the  temper¬ 


ature  of  the  liquid  of  approximately  9  C  will  not  decrease  its  efficiency 

I 

and  will  not  to  any  significant  degree  affect  the  characteristics  of  the  instru¬ 
ment  of  importance  in  its  operation  as  an  automatic  pilot  (the  drift  increases  by 
0.05  mrad/seo). 

From  Formula  (4.60)  it  is  clear  tha4  the  damping  ratio  b  is  directly 


F-TS-9910/V 


231 


«-  (a  »•*  .* 


and  inversely  proportional  to 


proportional  to  the  specific  damping  moment  K  .  ^ 

9  *  *4 

the  square  root  of  K  u  .  The  time  constant  T.  Is  in  direct  proportion  to 

“P  '  fit  -1 

m 

K.  u  and  in  inverse  proportion  to  K  M  [see  Formula  (4.68)  ]  .  Hence  a 
-f  >  ^  ~  9 ’  -t 

variation  in  K .  u  has  an  Identical  effect  on  both  b  and  T. ;  a  variation  in 

“f  /  fid 

K  w  affects  T,  more  than  b. 

-J'  *t  -1 


The  operation  of  both  types  of  floating  differentiating  gyroscope  considered 
is  described  by  the  identical  second-order  differential  equations,  (4.15)  and 
(4.65).  In  both  cases  the  increase  in  the  input  value  is  caused  by  an  Increase 
in  the  g  of  rotation  of  the  floating  gyroassembly  with  respect  to  the  in- 

struaent  housing.  Hence  the  influence  of  angle  9  on  the  operation  of  the  float¬ 
ing  differentiating  gyroscope  becomes  noticeable  and,  in  this  connection,  very 
important.  The  influence  shove  up,  firstly,  in  the  fact  that  instead  of  sensing 
the  full  value  of  the  measured  angular  velocity  «  ,  the  instrument  only  senses 
1  part  of  it,  v  cos  f  ,  and  secondly,  in  the  fact  that  it  partially  reacts  to  the 
;  fpgn'i velocity  co  ,  which  it  should  not  sense  at  all. 

I  2o 

I  TVw  influence  of  angle  f  on  the  operation  of  both  types  of  instrument  is 

!  the  Berne ,  as  eon  be  seen  immediately  from  the  expressions  (4.39)  and  (4.07). 

! 

.  a«"eo  the  quantitative  aspect  of  this  influence  may  be  determined  on  the  basis  of 

i 

either  one.  Let  us  do  so  for  the  floating  differentiating  gyroscope  with  torsion 

,  rod.  In  the  steady  state  the  output  value  is  determined  by  Eq.  (4.29).  Let 

i  us  assume  that  M.  -  A  a  0;  this  equation  then  assumes  the  form 


os  f  ^  *ln  P)-. 


(4.91) 


or,  if  ve  apply  Eq.  (4.39), 


t/ .  —  tf-e 
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(4.92) 


Let  us  denote  the  voltage  If*  which  would  have  been  obtained  if  ff  0 
(y0utJrt;  from  (4-91)  we  obtain 


tUi*' 


(4.93) 


In  evaluating  the  influence  of  the  angle  9  and  the  angular  velocity  u  on  the 

£0 

it  is  convenient  to  use  the  coefficient  X  and  the  concept,  introduced 
earlier,  of  the  relative  error  in  the  output  value.  According  to  Formula  (3.58) 
the  relative  error  in  the  voltage  UQut  resulting  from  the  influence  of  angle  f 
and  the  angular  velocity  *»z^  is 


tarn,  t  -  (tu,)a  _  V*.,  _1 

•*  (CU  W~,)»  (<4.i )  a 

Substituting  Eqs.(4.9l)  and  (^.93)  into  this,  we  obtain 

—CO*  p  —  Iln  f — 1. 


(4.94) 


(4.95) 


Fran  Eq.  (4.92)  after  substitution  of  Eq.  (4.93)  we  find 


The  right-hand  side  of  the  equality,  as  is  clear  from  Expression  (4.94)  is 


1  -l-  ■ 


„  .  Thus, 

-out 


(U->h 


=  .^1  +  ^ 


(4.96) 


When  «*  _  so 

5o 


l=l,BCOI  p. 


(4.97) 
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The  Influence  of  angle  J  and  the  angular  velocity  «•  ZQ  on  the  voltage  UQut 
can  be  conveniently  evaluated  by  means  of  the  graph  In  Fig.  Th*  broken  line 

shows  the  dependence  of  *  0  on  ff  .  The  continuous  lines  show  the  relative  error 

•  ,  plotted  from  Formula  (4.95),  for  different  values  of  the  ratio  of  the 

-out  «*z 

«nFii  .r  velocities  "Q  and  with  the  condition  — Sin  J  >0.  Knowing  the 

values  of  «  u  It  is  easy  to  calculate  the  values  of  the  factor  «  from  Formula 
--out 

(4.96). 

From  the  graph  and  Formulas  (,4.92) 
and  (4.96)  It  is  clear  that  the  output 
— "  ■*—  ^  Sin  9  >  0  and 


voltage  Uout,  when 


other  conditions  are  equal,  decreases  as 
the  angle  9  and  the  ratio  of  the  angular 


velocities 


Increases . 


^  The  comparison  of  the  two  types  of 
Instrument  considered  enables  us  to  con¬ 
clude  that  the  differentiating  gyroscope 
with  feedback  has  considerable  advantages 
over  the  differentiating  gyroscope  with 
torsion  rod  (or  any  other  mechanical 
4*  spring).  In  view  of  the  dependence  of  % 

the  modulus  of  elasticity  on  temperature 
and  mechanical  hysteresis  It  is  extremely 

•j 

1  *  *  *  f  difficult  to  find  a  spring  in  which  the 

rigidity  remains  constant  with  the  re¬ 
quired  degree  of  accuracy.  The  manufac¬ 
ture  of  springs  with  strictly  identical 

Fig.  4.5.  Graph  for  evaluation  of  In¬ 
fluence  of  angle  9  and  angular  velocity  rigidity  and  slight  hysteresis  involves 
m  .  on  output  voltage 

great  technological  difficulties.  This, 
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in  its  turn,  maxes  it  difficult  to  manufacture  differentiating  gyroscopes  with  a 
mechanical  spring  which  have  strictly  identical  characteristics.  It  is  in  prac¬ 
tice  impossible  to  make  the  torsion  rod  in  such  a  way  that  its  rigidity  can  be 
altered  by  simple  means.  Any  change  in  the  rigidity  k  of  the  torsion  rod  is 

accompanied  by  a  change  in  the  factor  K  „  determined  by  Eq.  (4.28).  None  of 

=out 

the  difficulties  involved  in  the  use  of  a  torsion  rod  apply  to  the  differentiating 
gyroscope  with  a  feedback  circuit. 

In  the  differentiating  gyro scope  with  a  torsion  rod  or  any  other  kind  of 

mechanical  spring  the  value  of  the  output  signal  voltage  UQut  is  proportional  to 

the  angle  9  of  deviation  of  the  floating  gyroassembly  from  ito  initial  position 

and  this  angle,  if  we  leave  aside  the  subsidiary  factors,  is  proportional,  to  the 

input  angular  velocity  *•  .  If  the  parameters  of  the  instrument  when  it  is  being 

designed  are  so  chosen  that  the  angle  f  mar  corresponding  to  the  upper  limit  of 

the  input  angular  velocity  »  aax  is  small,  the  instrument  will  have  a  low  ampli- 

;  fication  factor  K  „  ,  i.e.,  it  will  not  be  highly  sensitive.  On  the  other 

*•'  =out 

j  hand,  if  the  chosen  angle  9  max  is  large,  then,  as  pointed  out.  Instead  of  sensing 
j  the  full  value  of  the  angular  velocity  w  ,  the  Instrument  will  only  sense  part 
!  of  It#  “  cos  9  #  and  will  react  at  the  same  time  to  the  imgui  or  velocity  •» 

Eo 

i  about  the  axis  zQ  perpendicular  to  the  y  input  and  the  x  output  axes  of  the  in- 
!  strument.  The  angle  9  max  can  only  he  increased  when  the  angular  momentum  of  the 
!  gyroscope  H  is  constant  by  decreasing  the  rigidity  of  the  torsion  rod  k,  which 
will  be  accompanied  by  an  unwanted  Increase  in  the  time  constants  Trt  and  T,  r  see 
Eq.  (4.44)  and  (4.45)  ]  ,  i.e.  the  dynamic  properties  of  the  instrument  will  be 
poorer.  Adi  this  leads  to  the  frequent  impossibility  of  producing  a  differenti- 
|  gyroscope  with  torsion  rod  which  fully  meets  all  the  specified  requirements 

1  of  the  system  in  which  it  is  to  work.  In  such  cases  a  differentiating  gyroscope 
[  with  feedback  should  be  used.  This  instrument  is  very  sensitive,  i.e.  it  has  & 

I 

high  amplification  factor  K  ,  for  what  balances  the  gyroscopic  moment  is  not 
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the  voltage  U  +  ,  i.e.,  the  angle  0  ,  which  serves  as  the  output  signal  proper- 

■OUli 

tlonal  to  the  angular  velocity  -  ,  but  rather  the  output  current  Ig  of  the  ampli¬ 
fier,  which  Is  fed  to  the  mlcrosyn-torquer,  and  serves  to  measure  the  moment 
which  it  generates.  The  current  I&  attains  considerable  values  (but,  as  pointed 
out,  this  current  should  not  be  large)  and  is  to  a  considerably  lesser  degree 
subject  to  the  influence  of  various  factors  than  the  output  voltage  UQut  produced 
by  the  microsyn-pickoff.  In  short,  greater  accuracy  is  obtained  here  in  the 
measurement  of  the  input  angular  velocity  «  on  account  of  the  fact  that  ve  are 
not  measuring  the  angle  of  rotation  of  the  floating  gyroassembly  by  means  of 

U  but  rather  ve  are  measuring  the  current  I&  at  which  there  is  created -a  moment 
-out  • 

^  which  balances  the  gyroscopic  moment.  This  method  brings  better  results  than 
toe  method  of  measuring  the  angular  velocity  by  means  of  a  floating  differentiating 
gyroscope  with  torsion  rod.  The  gyroscope  with  feedback  circuit  can  operate  at 
fairly  small  values  of  the  angle  0  and,  consequently,  is  to  a  conaiderable  extent 
free  from  the  influence  of  the  angular  velocity  «  . 


2# 
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CHAPTER  V 


ANALYSIS  OF  FLOATING  GYROSCOPES 


The  characteristics  of  floating  gyroscopes  may  be  divided  Into  three  groups: 
atatlc  characteristics,  drift  characteristics,  and  dynamic  characteristics. 

Analyses  of  floating  gyroscopes  are  also  performed  la  three  ways,  as  follows: 

1.  Static  analysis. 

2.  Analysis  for  drift. 

3.  Dynamic  analysis. 

The  static  characteristics  describe  the  behavior  of  the  floating  gyroscope 
during  tine  intervals  In  which  the  Input  and  output  quantities  are  either  constant 
or  change  so  slowly  that  the  behavior  of  the  gyroscope  is,  In  this  case,  essentially 
analogous  to  Its  behavior  In  steady-state  operation.  Two  groups  of  static  charac¬ 
teristics,  corresponding  to  their  two  possible  operating  regimes,  are  registered  In 
static  analyses  of  floating  Integrating  gyroscopes:  the  spatial  integration  regime 
and  the  geometric-stabilization  regime. 

The  drift  characteristics  describe  the  relatively  slow,  spontaneous  change  In 
the  output  signal  which  Is  observed  during  time  Intervals  In  which  all  of  the  Input 
quantities  of  the  floating  gyroscope  are  held  constant. 

The  dynamic  characteristics  describe  the  behavior  of  a  floating  gyroscope 
during  time  Intervals  In  which  a  change  occurs  in  the  output  quantities  as  a  result 
of  a  change  In  the  input  quantities.  These  characteristics  must  be  determined  from 
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tt.  „.»«.  of  .cl,.L  Of  K‘0U"  '°a  C"'rUn:'  '0r,tr°U"’ 

coalitions.  The  dicing  .u.t  he  PrcCel,  *■•»>**  -  -«-«-* 
tM  c.per.ture  Of  the  surrounding  the  po.er  OUlrenent  of  the  grro.eofe 

notor,  the  excitation  current,  of  the  p.choff  end  tor,uer,  the  conditio,  of  the 
neeCnlc.l  nountlng.,  the  ..lues  of  v.hetloel  end  ehocX  lo.ds,  end  other  ext  re- 

neous  factors  acting  upon  the  device. 

0„.»  the  cr.ct.rl.tlc.  of  .ny  .peclf.c  flo.tlng  dTro.cop, ,  ..  »he 

inference,  concerning  the  Influence  exerted  ul»n  It  by  ext.rn.1  fetor.  -.-1  for.  . 

.  ..  ,h,  various  values  peculiar  to  the 

clear  idea  of  the  difference  betveen  changes  * 

nthrr  causes.  Sxperimental  float lng-gyroacope 
gyroscope  itaelf  and  changes  due  to  other  cause  P* 

.  i  /.rhwMtiona  by  the  Massachusetts  Institute  of 
characteristics  obtained  under  typical  conditions  by 

Technology  are  presented  belov. 


.  1  Beet  Ion  1.  «-  Outline  Of  St.tlc  Annly.l. 

C  .ctlc  cCecCrl.tle.  of  flo.tlng  gyro.cope.  .re  given  ..  curve,  of  the 

i  dependency  of  the  reUtlvc  dlneo.lonle.  fetor.  (5,^,  x^Jexp.  rel 

I  nf  the  output  values  upon  the  rela- 

and  the  corresponding  relative  errors  «  ^ 

i  ,  ,  „  .  These  values  are  generally  determined  fro.  the 

tive  angular  velocity  exp.  rel 

corresponding  for.ul.8  (3.56),  (3.59),  «4 

Th.  .Ctlc  ccr.ccrl.tlc.  of  flo.tlng  gyro.cop..  of  .11  type,  .re  plotted  on 

.  ..nllognrlthmlc  grid  of  th.  type  .hoc  In  fig.  5.1.  V.luc.  of  the 
;  edit,.  rel  »  .long  th.  .xl.  of  .h.U....,  vhlch  1.  cl.hr.Cd  log.- 

|  rithnlclly  for  th.  lntcrv.1  0.01  to  100,000.  Th.  left-end  .xl.  of  ordlete, 

.me  e.  .  unlfoely  cllhetcd  .cl.  reading  f«  •»!.*.  «—  ^ 

I  _  .  /—  i  under  cons  id  - 

!  the  relative  di-enaionlesa  anplif ication  factor  ^  W  rel 

l:  erntlon.  TC  o.ght-end  .,1.  of  ordlete.  err...  .  unlfor.  .el.  for  th.  lnt.rv.1 
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•Fig.  5.1.  Semllogarlthralc  grid  for  plotting  static  char¬ 
acteristics  of  floating  gyroscopes. 


(-0.20)-0-(40.0M*  The  zero  point  of  this  scale  Is  placed  opposite  1.0  on  the  scale 

i 

for  the  factor  (K 


)  , .  This  right-hand  scale  carries  values  of  the 

-?in'  5o«t  exp*  rel 


Relative  error  c 


—out 


of  the  output  quantity.  The  curve  of  the  dependency  of  the 


factor  (K  )  upon  the  relative  angular  velocity  “exp>  rel  1*  repre- 

|  ”-ln'  ?out  CXP’  * 

aented  by  the  solid  line,  and  the  dependency  of  *  upon  **  .  by  the 

-out 

broken  line- 

TSie  conditions  under  which  the  static  characteristic  was  obtained  and  the 


)  .  and  «•  .  should  be  indicated  ir  eo.'h  case.  It  Is  also 

cal  cal 


values  of  (K 

'-In’  -out 

necessary  to  Indicate  x,  , ,  the  calibrating  value  of  the  Input  quantity,  unless 

-in.  cal 

the  Input  quantity  Is  the  angular  velocity  w _ .  Knowledge  of  the  last  two  values 


exp 


peralts  the  use  of  the  static  characteristics  to  determine.  In  addition,  the  values 

Df  (ic  )  and  ax  „  for  any  desired  value  of  •»  „  encompassed  by  the 

•?ln»  ?out  exp  out  CXP 

static  characteristics.  Thus  Formula  (3*56)  gives 
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(5.1) 


Since  the  subdivisions  of  the  .  scale  are  one  fifth  the  size  of  those  of  the 

£out 

\  scale,  the  value  of  the  last  factor  is  determined  more  conven- 

' -x.  ,  x  'exp.  rel 

lently  from  Its  curve,  but  from  the  •  curve,  obtained  In  this  case  by  the 

-out 

use  of  Formula  (3-60). 

It  should  be  noted  that  it  follows  from  this  particular  formula  that  the  devi¬ 
ation  of  the  factor  (K  >e_  rtl  unity,  expressed  as  a  percentage,  Is 

-In'  -out  v " 

given  by 


100S. 


(5.2) 


It  follow,  fro.  the  Kq.  (3-58)  U»t  *  £_*«  •  ,  »» 


-out 


tlon  of  Iqs.  (3-57),  (3-56),  and  (3-55)  Into  this,  we  obtain 


1*  „.I~  (.^*,.>*...1);  c  .0  .  f  ■  «  * 


(5.3) 


where 


(5.«0 


1.  the  relative  value  of  the  Input  quantity.  If  the  input  quantity  is  the  angular 
velocity  **  exp»  1*  follows  from  Formula  (5*3)  that 
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(5.5) 


Ax  ,  ,)  • 

UUt  '  1  A  I.’.!  '«  «i  <  4[  . 


«ut  f  ^  Hi 


The  algn  of  the  absolute  error  Ax  of  the  output  quantity  Is  determined  by  the 

“Out 

algn  of  Its  relative  error  « 

-out 


Section  2.  Static  Analyses  of  Differentiating  Gyroscopes 


The  Differentiating  Gyroscope  With  TorBlon  Rod 


The  ateady-state  operation  of  this  device  Is  characterized  by  the  coefficient 

K  ..  .  Thus  the  following  two  curves  constitute  ltB  static  characteristics: 

-  ••  ,U  . 

'-out 

first,  the  dependence  of  the  relative  dimensionless  amplification  factor 


(K 

,/exp.  rel 


as  determined  from  Sq.  (4.31)  upon  the  relative  angular  velocity 


’-out 
exp.  re 


. ,  and,  second,  the  dependence  of  the  relative  error  *  ..  of  the  output 
1  Zout 


voltage  ^  upon  the  relative  angular  velocity  **exp 


According  to  Formula 


(3-59),  • 


u 

-out 


(?“'yout)exp*  reL  *  1# 


A  device  which  permits  the  Instrument  under  analysis  to  be  rotated  about  Its 
Input  (measurement)  axis  at  various  angular  velocities  “exp  *8  required  to  record 
these  characteristics.  Devices  capable  of  measuring  the  resulting  output  voltages 


U  with  sufficient  accuracy  are  also  required, 
-out 


Differentiating  Gyroscope  With  Feedback  Circuit 

i 

! 

i 

This  device  la  characterized  In  the  steady  operating  state  by  an  amplification 
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factor  K  „  j  .  Its  static  characteristics  are  accordingly  as  follows:  first,  the 
curve  of  the ’dependence  of  the  relative  dimensionless  amplification  factor 


<*-,lJexp.  rel  upon  “exp.  rel 


,  and ,  second ,  the  curve  of  the  dependence  of  the 


relative  error  «  j  of  the  amplifier  output  current  1^  upon  -exp-  The  factor 

“•  _ ,  A  _  _  a  _  u  (■ a 


(?-,i  > 


exp.  rel 


is "determined  by  Eq.  (4.81).  According  to  Formula  (3-59), 


«/,-=(K»- ',)•▼'*' ”1- 


(5-6) 


The  same  turntable  mechanism  Is  required  for  registration  of  these  character- 
lst lea  as  in  the  case  of  the  preceding  device.  Also  necessary  Is  a  device  capable 
of  measuring  the  output  current  I#  of  the  amplifier  with  sufficient  accuracy. 

The  turntable  mechanism  used’ln  the  analysis  of  floating  gyroscopes  Is  repre¬ 
sented  schematically  In  Fig.  5-2.  As  far  as  the  operating  principle  Is  concerned, 

It  la  a  single-axis  spatial  angular-velocity  integrator  with  Integrating  gyroscope 
m-nA  8erro -system,  shown  schematically  In  Fig.  2.19* 

!  ^  base  2  of  the  device  takes  the  form  of  a  pedestal  and  Is  mounted  on  e  pier, 

the  slave  motor,  which  consists  of  the  stator  1*  and  the  rotor  13,  is  mounted  within 
jttae  base.  The  rotor  la  fastened  to  the  shaft  10,  which  occupies  a  fixed  vertical 
'position.  The  geometrical  axis  of  this  shaft  la  the  Input  axis  of  the  device  con¬ 
sidered  aa  an  Integrator.  This  axis  Is  designated  by  the  letter  jr  In  Fig.  5-2,  as 
It  was  In  Fig.  2.19. 

!  ^e  platform  9  la  carried  on  the  shaft  10  In  a  rigidly  horizontal  position.  To 
this  platform  Is  attached  the  thermostat  11,  which  contains  the  floating  Integrating 
gyroscope  12  (if  the  device  has  Its  own  heating  system,  the  thermostat  Is  unneces¬ 
sary).  The  gyroscope  la  mounted  In  such  a  way  that  Its  Input  axis  coincides  with 
the  i  axis  or  la  parallel  to  It.  The  x  axle,  the  output  axis  of  the  gyroscope,  is 
perpendicular  to  the  Z  axis.  The  zQ  axis  la  perpendicular  to  both  the  x  and  *  axes 
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and  la  consequently  horizontal.  In  some  analyses  It  16  necessary  to  fix  the  axl6  o 
rotation  of  the  platform  (the  6haft  10)  In  a  horizontal  position,  and  also  at  vari¬ 
ous  angles  90°)  to  the  horizontal.  Thus  the  design  of  an  actual  turntable  dif¬ 
fers  from  the  scheme  shown  In  Fig.  5*2  In  that  It  permits  the  axis  of  rotation  of 
the  platform  to  be  adjusted  to  a  horizontal  position  or  at  angles  other  than  90°  to 
the  horizontal,  and  reliably  fixed  In  these  positions.  For  this  purpose,  the  hous¬ 
ing  of  the  motor  (which  carries  the  platform  9  on  Its  shaft  10)  Is  not  mounted  di¬ 
rectly  on  the  base  2,  as  shown  schematically  in  Fig.  5*2,  but  la  carried  on  a 


Fig.  9*2.  Turntable  device  for  analysis  of  floating  gyroscopes. 

1)  Contact  brushes  and  rings;  2)  base;  3)  rheostat  for  regulation 
of  current  Icon;  4)  Icon  current  supply;  9)  nllllamaeter;  6)  elec¬ 
tric  clock;  7)  contact  device;  8)  graduated  circle;  9)  platform; 
10)  shaft  of  slave  motor;  11)  thermostat;  12)  floating  integrating 
gyroscope;  13)  rotor  of  slave  motor;  14)  stator  of  slave  motor; 

19)  read -off  microscope;  16)  amplifier. 


horizontal  pivot -axis  perpendicular  to  the  axis  of  rotation  of  the  platform.  The 
structui-dl  elements  which  carry  the  bearings  of  the  motor-bousing  pivot  axis  are 
conveniently  mounted  on  a  plate  equipped  with  adjustable  legs,  which  are  used  to 
ensure  the  axis  Is  truly  horizontal.  The  plate  la  mounted  on  the  base  2.  The  base 
Should  be  fully  protected  from  vibration  and  tremors  In  the  building  and  In  the 

I 

earth. 
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In  other  cases  the  axis  of  rotation  of  the  platform  9  (the  y  axis)  should  be 
strictly  vertical. 

apparatus  should  permit  rotation  of  the  platform  9  in  inertial  space  about 
the  jr  axis  at  any  constant  angular  velocity  ranging  from  a  small  fraction  of  the 
earth's  diurnal -rotational  velocity  to  velocities  of  the  order  of  10  to  20  rad/sec. 
The  required  velocity  of  rotation  is  Imparted  to  the  platform  9  hy  impressing  the 
appropriate  current  Icon  from  the  current  supply  4  upon  the  control  vlnding  of  the 
mlcrosyn  torquer  of  the  gyroscope  12.  The  size  of  this  current  is  regulated  by 

I 

of  the  rheostat  3  and  checked  at  the  mllliammeter  5-  Under  the  influence  of 

the  current  I  ,  the  mlcrosyn  torquer  applies  a  moment  M  to  the  floating  gyro- 
-con 

assembly,  deflecting  it  from  its  original  position.  A  voltage  U  appears  at  the 

-out 

output  of  the  mlcrosyn  pickoff  and  is  delivered  to  the  input  of  the  amplifier  16. 
The  amplifier  output  feeds  the  control  vlnding  of  the  stator  14  of  the  slave  motor. 
The  slave-motor  rotor  proceeds  to  rotate  at  a  velocity  at  which  the  moment  M  is 

I  ®V 

compensated  by  the  moment  of  the  gyroscope.  At  a  constant  current  I  ,  this  veloc- 

-con 

ity  will  also  be  constant.  Thus  there  is  a  specific  velocity  of  rotation  of  the 

platform  9  for  each  value  of  the  current  I  .  The  rotational  velocity  of  the  plat- 
I  -con 

Iform  la  determined  by  measurement  of  the  angle  through  which  it  rotates  in  a  certain 


i  .  *  Interval  of  time.  The  angle  of  rotation 

,  stem*  18  read  through  the  microscope  15  from  the 

/  A***'  circle  8,  which  is  calibrated  in  degrees. 

|  (  'CJfl  J  The  electric  clock  6  and  Its  contact  de- 

!  vice  7  serve  to  determine  the  elapsed 

*i«-  5*3«  Decomposition  of  angular 

j  velocity  of  earth's  diurnal  rotation  time.  The  angular  sensitivity  threshold 
into  vertical  (  •*  e  sin  *  )  and 

horizontal  (  *»  e  cos  *  )  components  of  the  apparatus  should  be  no  higher  than 
j  (  *  —  latitude ) . 

|  6  seconds  of  arc.  In  the  actual  apparatus, 

•11  sources  and  their  controls  are  built  into  a  single  console.  The  turntable 

apparatus  and  all  measuring  devices  Incorporated  in  it  must  ensure  high  precision  in 
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the  necessary  measurement  ranges.  Only  when  this  condition  Is  met  may  we  depend  on 

obtaining  the  true  static  characteristics  of  the  gyroscopes.  Specifically  for  this 

purpose,  the  effect  exerted  on  the  operation  of  the  apparatus  by  the  moments  M 

-d.eyst 

acting  upon  the  floating  gyroassembly  of  the  Integrating  gyroscope  are  compensated 

by  application  of  a  current  l^^Mj  eyst  £"***  (3*105^^0  the  control  winding  of 

the  mlcrosyn  torquers.  The  accuracy  with  which  the  gyroscope  is  positioned  on  the 

turntable  platform  Is  of  great  Importance. 

Due  to  the  high  sensitivity  of  the  floating  Integrating  gyroscope  and  Its 

servo-system,  the  vertical  component  of  the  angular  velocity  of  the  earth's  diurnal 

rotation  will  exert  an  Influence  on  the  operation  of  the  turntable  apparatus  (Fig. 

5-3)  •  To  examine  this  influence  let  us  assume  that  the  current  I  _  O.  The 

-con 

apparatus  rotates  with  the  earth  about  a  vertical  In  Inertial  apace.  In  other  words, 
•bout  the  Input  axis  jr  (see  Fig.  5.2),  with  a  velocity  »  sin  *  (Fig.  5.3). 

Under  these  circumstances  a  gyroscopic  moment  H*e  sin  *  arises,  deflecting  the 

floating  gyroassembly  from  Its  original  position.  This  leads  to  the  appearance  at 

i 

the  out  pit  of  the  mlcrosyn  plckoff  of  the  output  voltage  U  ,  which  results  In 

"out 

actuation  of  the  servodrive.  The  latter  begins  to  return  the  platform  9  to  Its 

i 

original  position,  l.e.  to  rotate  It  at  a  velocity  — •  *  sin  *  with  respect  to 
;the  base.  Thus  the  platform  9  of  an  apparatus  in  good  working  order  should,  at 
?con  “  0,  revolve  with  respect  to  the  base  at  an  angular  velocity  equal  In  magnitude 
and  opposite  In  sign  to  the  vertical  component  of  the  angular  velocity  of  the 
earth's  diurnal  rotation.  With  Jcon^0>  therefore,  the  angular  velocity  of  the 
platform  as  determined  by  time  and  angle  measurements  during  its  rotation  must  be 
corrected  for  the  vertical  component  of  the  angular  velocity  of  the  earth's  diurnal 

potation. 

I 

An  explanatory  block  diagram  of  the  turntable  apparatus  la  presented  in  Fig. 

?•*•  It  Is  analogous  In  principle  to  the  diagram  shown  In  Fig.  3.5.  In  both  cases 
the  amplifiers  consist  of  elements  which  perform  analogous  functions.  The  sonverter 
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element  of  the  turntable  amplifier  has  a 


transfer  function  which  16  determined  by 


Fig.  5.W.  Block  diagram  of  turntable  apparatus. 


Eq.  (3-87).  The  alave  motor  of  the  turntable  operates  without  reduction  gearing. 

Assuming  In  Eq.  (3-99)  that 

*•  —  “  Bin  *  , 

tra  e 

**  rel* “  pl.rel' 

la  the  angular  velocity  of  the  platform  with  reference  to  the  base  of 


where  •» 


pl.rel 

the  apparatus ,  we  obtain  the  differential  equation  of  motion  of  the  rotary  pl.tfonn 

I 

,ln  the  form 


(r0>)  +  II  -  ,.».>=  -  w'(  P)  Ks<n  J 


(5.7) 


By  successive  substitution  In  this  equation  of  the  expressions  (3.100),  (3-U6), 
(3.92),  (3.97),  and  (3.87)  (2r  supposing  In  (3-101)  that  .  *d  -  7  *  °' 

“e  ,in  *  *  **rel“  *"pl.  rej '  V*  °bt8ln 


tra 


«=  -  K9  (a  £  P  +  l )  K  s'"  f  - 


(5-8) 
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In  practical  stulies  of  the  dynamics  of  the  rotating  platform  we  may  consider  the 
terms  Tg  and  Trg  in  Eq.  (5-8)  negligible  by  compfirinon  with  unity,  6lnce  this  is 
assured  by  the  6mall  values  of  the  tine  constants  T  and  T^,.  In  this  case,  the 
differential  equation  of  notion  of  the  turntable  platform  (5*8)  la  considered  sim¬ 
plified: 


i7lP,  +  nrcp  +  l)*'l  =-(nTcr  +  \)(»'!in?-*, 


(5.9) 


Here,  TQ1  la  determined  by  Equality  (3.122). 

Considering  I  ■  const  end  assuming  in  either  Eq.  (5*8)  or  (5 >9)  that  p  ■  0, 
-con 

we  find  that  the  angular  velocity  of  the  rotary  platform  In  the  steady  state  la 
given  by 


With  I  m,  0,  It  follows  from  this  that 
-con 

I 

i 


The  absolute  angular  velocity  of  the  platform  Is 


This  velocity  must  also  be  taken  as  the  angular  velocity  *»exp* 


(5.10) 


(5.H) 


(5.12) 
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Tig.  5.5.  General  v lew  of  apparatus  for  analysis  of  floating 
differentiating  gyroscopes.  1)  Electric  clock;  2)  floating  dif¬ 
ferentiating  gyroscope,  acting  us  component  of  turntable;  3) 
thermostat;  4)  gyroscope  under  analysis;  5)  rotary  platform; 

6)  feeding,  regulating,  and  aonitorlng  units  for  gyroscope  under 
analysis;  7)  feeding,  regulating,  and  monitoring  unit  for  turn¬ 
table  apparatus;  8)  three -unit  console.  m 


Integrating  Eq.  (5.10)  for  zero  initial  conditions,  we  find  that  the  angle  of 

rotation  of  the  platform  relative  to  the  base  of  thfc  apparatus  i3 

I 

I  j 

I 

I 

A  general  view  of  the  apparatus  for  the  static  analysis  of  floating  differen¬ 
tiating  gyroscopes  is  presented  schematically  in  Fig.  5.5*  It  consists  of  the  turn- 

| 

table  device  described  above  and  shown  separately  in  Fig.  5-2,  pins  the  three-sec¬ 
tion  console  8.  All  the  components  necessary  to  feed,  regulate,  and  monitor  the 
turntable  apparatus  are  Incorporated  In  section  7.  The  two  sections  6  contain 
everything  necessary  for  feeding,  regulating,  and  monitoring  the  gyroscope  being 

Analyzed . 

f 

1  The  floating  differentiating  gyroscope  being  tested  (4)  is  mounted  or  the 
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rotary  platform  5  (Fig.  5*5)  inside  a  common  thermostat  3  with  the  floating  inte¬ 


grating  gyroscope  2,  vhich  acts  as  an  accessory  component  of  the  turntable  appara¬ 
tus.  The  input  (measurement)  axis  of  t.he  teat  gyroscope  is  oriented  parallel  to  the 
axis  (y)  of  rotation  of  the  platform  5-  I*6  S  and  ?o  axes  are  parallel  to  the 

corresponding  axes  of  the  gyroscope  2,  whose  directions  are  indicated  in  Pig.  5-2. 

Static  analyses  of  floating  differentiating  gyroscopes  in  the  apparatus  shown 
in  Fig.  5.5  proceed  as  follows:  the  platform  5  is  made  to  rotate  at  various  con¬ 
stant  angular  velocities  by  supplying  various  currents  IcQn  to  the  micr06yn 

torquer  of  the  floating  Integrating  gyroscope  2.  The  output  signal  of  the  floating 
differentiating  gyroscope  being  analyzed  is  measured  for  each  value  of 
For  torsion-rod  gyroscopes  this  signal  will  be  the  voltage  and  for  feedback 

gyroscopes  it  will  be  the  output  current  of  the  amplifier.  The  static  character¬ 
istics  of  the  devices  tested  are  constructed  on  the  baBls  of  the  results  of  analysis. 

Static  characteristics  obtained  by  the  above  method  for  floating  differentia¬ 
ting  gyroscopes  are  presented  below.  Figure  5-6  shows  static  characteristics  for  a 
floating  differentiating  gyroscope  with  a  torsion  rod  —  Type  lO**',  Ro.  55-  Data 
concerning  this  gyroscope  were  given  previously  in  Tables  4  and  5  (Chap.  II, 

Sec.  2).  The  static  characteristics  were  recorded  under  the  following  conditions: 


i 


i 


Frequency  of  current  fed  to  gyro motor 

Phase  voltage  of  gyromotor 

Phase  current  of  gyromotor 

Excitation  current  of  mlcrosyn  pickoff 

Frequency  of  current  fed  tc  excitation 
winding  of  mlcrosyn  pickoff 

Temperature  of  fluid 


f 

-gyr 

9ph  ■ 
Iph  " 


4 00  cpa 
4.0  volte 
0.6  amp 


i;x  -  250  ma 


Cp  -  400  cps 
*  -  71.1°C 


I  In  calculating  the  numerical  values  of  the  relative  angular  velocity  %xp.rel 

(see  Equality  (3.6l)J  and  the  relative  dimensionless  amplification  factor 

(K,m  Kxv  rei  Eee  »  It  was  assumed  that 

^out 


lie 
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•  ...  =0.0573  7-  -13*%. 

cal 


Here  and  henceforth,  <Uft  =  7-29  *  10~^  rad/sec  is  the  angular  velocity  of  the 
diurnal  rotation  of  the  earth. 


IK  v  )  *0.819—  -»19  -0.238  .  *' 

...a  ...  ru  ... 


Static  characteristics  for  torsion-rod  floating  differentiating  gyroscope. 
Type  104,  Ho.  26,  produced  by  the  Massachusetts  Institute  of  Technology,  which  is 
similar  in  design  to  the  Ho.  55,  are  presented  in  Fig.  5-7.  The  characteristics 
vere  recorded  under  the  following  conditions: 


Frequency  of  current  fed  to  gyromotor 

-gyr 

.  1*00  cps 

Phase  voltage  of  gyromotor 

V 

-  3.5  volts 

Phase  current  of  gyromotor 

-Ph 

m  0.5 

Excitation  current  of  mlcrubyn  pickoff 

^x 

m  250  ma 

Frequency  of  current  fed  to  excitation 
virxling  of  microsyn  pickoff 

f 

“P 

«  1*00  cps 

Temperature  of  fluid 

* 

-  71.1°C 

In  plotting  these  curves  it  was  assumed  that 


■  =1  mr  id  ...  =0.0573°  »"  “118%. 

r 11  •  . . 

(K.v  )  =1.15--  -  =1150-"  0.335 

'  «il  and  iff 


In  the  analyses  of  both  gyroscopes,  the  upper  limit  of  the  measured  angular 

velocities  cu  was  1950  mrad/sec  -  1-95  rad/sec;  this  was  imposed  by  the 
exp 
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Fig.  5.6.  Static  characteristics  of  Massachusetts  Institute  of  Ttechnolngy 
torsion-rod  floating  differentiating  gyroscope.  Type  104,  No.  55-  o-points 
f°r  (KW,U  }  ;  •-points  for  *  U,ut' 

—out  exp.  rel 

presence  of  stops  which  prevented  deflection  of  the  floating  gyroassembly  through 
Bore  than  2.5°  from  Its  Initial  position  with  reference  to  the  housing  of  the  mech¬ 
anism.  It  will  be  remembered  that  the  upper-limit  restriction  on  the  velocities  to 
be  measured  with  the  differentiating  gyroscope  was  occasioned  In  practice  by  the 
necessity  of  avoiding  effects  on  Its  operation  due  to  the  angular  velocity  of  the 
rotation  of  the  instrument  housing  about  tne  axis  Zq,  l.e.  about  the  Initial  posi¬ 
tion  of  the- spin,  ax  is.  z.  The  gye»\t?r  the  measured  angular  velocity,  the  greater 
will  be  the  angle  of  deflection  of  the  floating  gyroassembly  from  its  Initial  posi¬ 
tion,  and,  consequently,  the  greater  the  effect  of  the  angular  velocity  about  the 
*0  axis.  It  would  seem  that  floating  differentiating  torsion-rod  gyroscopes  should 
operate  well  beginning  at  very  small  values  of  the  measured  velocity  •  •  How" 

ever,  as  shown  by  the  curves  In  Figs.  5.6  and  5«7»  this  is  not  the  case.  It 
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develops  that  the  lower  limit  of  the  working  range  is  rather  high.  Thus  in  the  case 
of  Gyroscope  No.  55  it  is  0.390  rad/sec,  provided  that  a  relative  output- voltage 


Fig.  5.7.  Static  characteristics  of  floating  differentiating  gyroscope 
with  torsion  rod,  Type  10\  No.  26.  o-points  for  wl' 

points  for  *  u  *  * 

-out 

error  «  }  0.01  is  tolerated,  and  0.170  rad/sec  for  «  0.1.  Gyro¬ 

scope  Ho.  26° gave  the  best  results.  The  relative  output -voltage  error  «  y^  for 
this  device  does  not  exceed  ±0.025  at  angular  velocities  above  0.C10  rad/sec.  At 
smller  angular  velocities,  the  discrepancy  of  the  results  of  measurement  is  so 
great  that  it  becomes  Impossible  to  make  inferences  regarding  the  operation  of  the 
device  from  these  data.  It  should  be  noted,  however,  that  the  wide  scattering  of 


the  experimental  results  at  small  values  of  the  measured  angular  velocity  is  due 
not  only  to  imperfections  in  the  gyroscope  itself, but  also  to  imperfections  in  the 
apparatus  used  to  measure  the  output  voltage  of  the  gyroscope.  This  voltage 

uas  measured  with  the  aid  of  an  ordinary  thermionic  voltmeter  without  special 
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modification  of  the  measurement  apparatus.  As  a  result,  indeterminate  electrical 
disturbances  of  various  types  showed  up  in  the  experimental  results.  These  disturb¬ 
ances  were  particularly  intense  in  measurements  of  the  voltages  U  .  for  snail  mea- 

—out, 

sured  angular-velocity  values.  It  is  necessary  to  exercise  extreme  care  in  design¬ 
ing  the  layout  for  analysis  uf  differential  gyroscopes  in  order  to  reduce  these 
disturbances. 

According  to  information  furnished  by  the  persons  who  conducted  then,  no  spe¬ 
cial  conditions  were  created  for  the  gyroscope  analyses,  i.e.  the  gyroscopes  were 
tested  under  conditions  similar  to  those  encountered  In  actual  use. 

Most  Important  aiong  the  factors  which  exert  a  negative  influence  on  the  oper¬ 
ation  of  torsion-rod  floating  differential  gyroscopes  at  small  values  of  t.he  mea¬ 
sured  angular  velocity  are  the  following:  lack  of  rigidity  (elasticity)  in  the 
mounting  of  the  floating  gy reassembly,  which  is  formed  by  the  elastic  torsion  rod, 
and  undue  influence  on  the  valu?  of  the  output  voltage  UQut  arising  from  dynamic 
Imbalance  of  the  gyromotor  rotor,  since  the  electrical  noise  created  by  this  condi¬ 
tion  results  in  considerable  distortion  and  suppression  of  the  voltage  ,  which 
Is  relatively  small  at  small  values  of  the  measured  angular  velocity.  Other  such 
negative  factors  are  torsion-rod  hysteresis,  the  zero-point  errors  of  this  rod  and 
the  mlcrosyn  plckoff,  mechanical  vibrations,  etc. 

Thus  the  lower  limit  of  the  working  range  of  the  device  under  chnsideration  is 
determined  both  by  the  imperfections  of  the  device  itself  and  by  disturbances  of 
various  types  in  the  measurement  circuits.  It  Is  possible  that  refinement  of  the 
instruments  and  technique  used  in  measuring  the  output  voltage  will  permit  a  cer¬ 
tain  reduction  in  the  lower  limit  of  the  working  range  of  torsion-rod  floating 
differential  gyroscopes.  In  the  opinion  of  C.  S.  Draper  and  the  specialists  work¬ 
ing  with  him,  however,  the  pecularlties  of  the  torsion-roc'  floating  differentiating 
gyroscope  itself  will,  in  all  probability,  prevent  the  device  working  efficiently 
at  measured  angular  velocity  values  significantly  lower  than  0.005  rad/ sec.  This 
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staten*:nt  should  be  regarded  as  applicable  solely  to  the  specific  design  of  the 
device  analyzed. 


We,i 


Fig.  5-8.  Static  characteristics  of  floating  differentiating 
gyroscope  with  feedback  circuit,  o-points  for  (jC  j  )  > 

•  -  points  for  Cj  .  ' exp.  rel 


Figure  5.8  shows  the  static  characteristics  of  a  floating  differentiating  gyro¬ 
scope  with  a  feedback  circuit,  formed  from  the  floating  integrating  gyroscope  (Type 
10 \  No.  79)  whose  characteristics  were  presented  earlier  in  Tables  1  and  2 
(Chapter  II,  Sec.  l).  The  static  characteristics  were  recorded  under  the  following 
conditions: 

Frequency  of  current  fed  to  gyromotor 
Phase  voltage  of  gyromotor 
Phase  current  of  gyromotor 
Excitation  current  of  mlcrosyn  pickoff 


Frequency  of  current  fed  to  excitation 
winding  of  mlcrosyn  pickoff 


f  -  400  cps 
-gyr 

U  .  «7-5  volts 

-ph 

I  .  *  0.2  amp 

-ph 


125  ma 


f  m  hOO  cps 
-£ 
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-ex 


7i.i°c 


$U  I 
-out  -a 


0.0952  ra/mv 


Excitation  current  of  mlcrosyn-torquer  I  “  200  mn 

Temperature  of  fluid 
Amplification  factor  of  amplifier 
In  computing  the  numerical  values  of  the  relative  angular  velocity  «»e  re^ 
^ee  Equality  (3«6l^  and  the  relative  dimensionless  amplification  factor 

tt  ,  I  ^  exp.rel  fiee  Eqs.  (U.8l)  and  (U.8o)J,  it  was  assumed  that 
"ft  L— 


W  =1  larid  Iff  -=0.0573  0  ~  13. 

(/|)  r«r0.  1181 


(^•./(#)<*i  =  0.1181 


— «=  118.1  -*1 
■  r*4  i«  » 


0.344’- 
*/ . 


The  following  conclusions  may  be  drawn  from  consideration  or  the  graph  shown 

in  Fig.  5.8.  If  it  is  specified  that  the  relative  error  «  j  of  the  output  sig- 

-a 

nal  (the  current  I  )  shall  not  exceed  0.01,  the  lower  limit  of  measured  angular  ve 
locitles  will  be 


exp. min 


-  0.003  rad/ sec. 


and  the  upper  limit 


If,  however,  we  have  « 


0.700  rad/sec. 


exp. max 


i  >  °-1- 


=  0.0009  rad/sec, 


exp. min 


a  =  l.BOO  rad/sec. 

exp.  or x 

In  the  latter  case  the  value  of  w  _  was  obtained  by  extrapolation. 

&xp  .max 

Ww  static  characteristics  of  the  above  device  are  generally  similar  to  those 

of  the  torsion-rod  floating  differentiating  gyroscope.  In  this  device,  however, 

w  .is  considerably  smaller.  Its  **  value  is  determined  not  by  the  po- 

exp.ain  exp. max 

•ltlons  of  the  stops  which  limit  the  rotation  of  the  floating  gyroassembly,  but  by 
saturation  phenomenon  in  the  core  of  the  mlcrosyn  torquer  due  to  the  drop  in  the 
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static  characteristic  at  large  values  cf  the  measured  angular  velocity. 

ftius  the  floating  differentiating  gyroscope  with  a  feedback  circuit  permits  us 
to  exploit  the  advantages  afforded  by  the  efficiency  of  the  floating  integrating 
gyroscope  in  the  region  of  low  values  of  the  measured  angular  velocity.  It  hac 
been  noted  above  that  the  microsyn  pickoff  can  operate  on  either  alternating  or  di¬ 
rect  current,  i.e.  if  the  current  I  delivered  from  the  amplifier  output  to  the  se- 

•fit 

condary  winding  of  the  microsyn-pickoff  Is  an  alternating  current,  the  experimental 
values  for  the  input  1  ngular  velocity  determined  by  the  measurement  of  this  current 
will  depend  on  the  mode  of  alternation  of  this  current.  In  principle,  therefore, 
we  are  faced  here  with  the  same  difficulties  in  measuring  alternating  currents  as 
are  encountered  .with  torsion-rod  floating  differentiating  gyroscopes.  However,  the 
floating  differentiating  gyroscope  with  feedback  generally  permits  more  accurate 
measurement  of  the  input  angular  velocity,  since  measurement  of  it  in  this  case 
amounts  to  measurement  of  a  comparatively  large  current  (i^  .**  a cap), 

and  also  by  virtue  of  the  advantages  which  this  device  offers  in  principle  over  the 
tors  Ion- rod  differentiating  gyroscope,  and  which  were  discussed  in  Chapter  IV, 

Bee.  7- 

Difficulties  due  to  magnetic  hysteresis  arise  in  cases  when  the  microsyn  tor¬ 
que  r  and,  consequently,  the  feedback  circuit,  are  operated  on  direct  current.  These 
may  prove  to  be  Just  as  troublesome  as  the  difficulties  which  arise  when  working 
with  alternating  current.  Special  measures  are  necessary  to  eliminate  magnetic- 
hysteresis  effects. 

In  measurement  of  high  angular  velocities,  the  operation  of  the  device  would 
be  limited  only  by  the  potentialities  of  the  gyroscope  itself,  or,  more  precisely, 
by  those  of  the  microsyn  torquer,  provided  that  the  feedback  circuit  and  the  system 
used  to  measure  the  amplif ier-outout  current  are  chosen  correctly.  In  practice, 
however,  it  may  prove  unnecessary  to  provide  for  the  measurement  of  the  maximal  an¬ 
gular  velocities  permitted  by  the  gyroscope.  When  this  is  the  case,  a  simplified 
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electrical  layout  cay  be  enplcyed  in  the  feedback  circuit. 


Section  3«  Static  Analyses  of  Integrating  Gyroscopes  in 
Spatial-  Integration  Regime 


Hie  steady  spatial-integration  regime  is  characterized  by  the  amplification 
factor  k j  m  •  Thus  the  carves  of  the  dependence  of  the  relative  nondlroen- 


-con, 

atonal  amplification  factor  (kj  ,  „  )  rel  as  determined  by  Eq.  (3.70)  and  the 

-con 

relative  error  •  upon  the  relative  angular  velocity  w  ,  are  the  static 

exp.rel 

characteristics  of  this  regime. 


Analysis  is  conducted  with  the  turntable  apparatus  illustrated  schematically  in 
Fig.  5*2.  The  device  12  undergoing  analysis  is  mounted  on  the  platform  9  in  the 
manner  shown  in  Fig.  5.2.  The  analytical  process,  ought  to  consist  in  delivery  of 
various  currents  ICQn  to  the  control  winding  of  the  microsyn  torquer  and  measure¬ 


ment  of  the  corresponding  steady  values  of  the  angular  velocity  of  the  platform.  The 
jcurrent  1^  fed  to  the  excitation  winding  of  the  microsyn  torquer  ought  to  be  hell 
strictly  constant,  as  is  usually  the  case  when  the  floating  integrating  gyroscope 
Is  normally  used  In  its  effective  (linear)  working  range.  However,  when  the  wind¬ 
ings  of  the  microsyn  torquer  are  fed  separately,  its  working  range,  which  is  char¬ 
acterized  by  a  proportional  dependence  of  the  moment  M  generated  by  it  on  the  con- 

•  * 

trol  current  I.on,  is  significantly  smaller  than  when  its  windings  are  series-con¬ 
nected  and  fed  by  a  common  current  I 

-con 

Hie  restriction  of  the  working  range  of  an  integrating  gyroscope  resulting 
from  reduction  of  the  working  range  of  the  microsyn  torquer,  due  to  the  use  of  sep¬ 
arate  current  supplies  for  its  windings,  amounts  to  at  least  two  modules  of  the 
,  "  exp.  rel  8cale'  and  in  some  cases  even  more  (see  fig.  5.1).  Thus  the  use  of 
separate  feeds  for  the  windings  of  the  microsyn  torquer  prevents  full  exploration 
of  the  potential  of  the  floating  integrating  gyroscope  undergoing  analysis. 
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In  the  analyses,  therefore,  the  two  windings  of  the  nicrosyn  torquer  arc  connected 


in  series  and  supplied  with  a  common  current  I  .  This  perr.its  complete  study  of 
the  full  potential  of  the  floating  integrating  gyroscope  under  examination,  or,  in 
Other  words,  full  coverage  of  the  angular-velocity  range  Inherent  to  it,  except  for 
certain  restrictions  imposed  even  in  this  case  by  the  microsyn  torquer.  The  effect 
of  the  moment  gygt  on  the  floating  gyroassembly  is  compensated  by  the  delivery  of 
the  appropriate  current  to  the  nicrosyn  torquer. 

Accordingly,  static  analyses  of  floating  Integrating  gyroscopes  in  the  spatial- 
integration  regime,  using  the  apparatus  shown  in  Fig.  5*2,  consists  in  deli/ery  of 
various  currents  I  to  the  series-connected  primary  and  secondary  windings  of  the 
nicrosyn  torquer  and  measurement  of  the  resulting  steady  angular  velocities  of  the 
platform.  Accordingly,  the  curve  of  the  dependence  of  tiie  relative  nondlmensional 
amplification  factor 


(5.1^) 


on  the  relative  angular  velocity  **exp  18  used  ac  the  static  characteristic 

which  describes  the  6teady  spatial-integration  regime,  and  not  the  curve  of  the 


factor 


(*I  “  >  exp.  rel*  fcre'a 


til  1  ’ 
“  (IJt 


(5.15) 


(*//  -) -1-777—- 


(5.16) 


Let  us  eatabllah  the  relationship  between  the  factors  (k  )  and 

’-con,  “  exP-  rel 

t  » „  )  ..  Applying  Eq.  (3*39),  we  may  rewrite  Expression  (5.1U)  in 

M*nn  CJCpa  HU 
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MR 


It  follows  frotr  this  upon  application  of  Eq.  (3*70)  ti^at 


-con 


/  *V*F  r»l 

.  ..k  ...  T 

(5.17) 

microsyn  torquer  are  series-connected  arid 

fed  with 

re  analysis, 

(5.19) 

,  and  (5.17)  take  the  form 

(VX. 

(5.19) 

/L  V  _  •  ••• 

(‘a • 

(5.20) 

(*/*  jjrjjrf 

(5.21) 

J*.  f *  ^4. 

(5.22) 

In  addition  to  the  graph  of  the  dependence  of  the  relative  dimensionless  am¬ 
plification  factor  (k  2  ,  )  rel  on  the  relative  velocity  *exp  rel,  we  also 

“icon  **  *P  • 

construct  a  curve  of  the  dependence  of  the  relative  error  <  of  the  angular 
velocity  upon  this  factor;  according  to  Formula  (3-59)/  this  will  be  given  by 

«U~-'  (5*23) 

Figure  5.9  presents  the  static  characteristics  of  a  floating  integrating 
gyroscope  of  type  lo\  Ho.  79  (data  for  which  were  presented  in  Chapter  II,  Sec. 
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1,  Tables  1  and  2),  as  registered  by  the  described  method  using  the  apparatus  lllur. 
trated  schematically  In  Fig.  5.2.  The  characteristics  were  recorded  under  the  fol¬ 
lowing  conditions: 


Frequency  of  current  fed-  to  gyromotor 

f 

-gyr 

m 

kOO  cps 

Phase  voltage  of  gyromotor 

V 

m 

7.5  volts 

Phase  current  of  gyromotor 

• 

V 

m 

0.2  amp 

Excitation  current  of  mlcrosyn  plckoff 

^x 

m 

125  ma 

Frequency  of  current  fed  to  excitation 
winding  of  mlcrosyn  plckoff 

f 

“P 

m 

400  cps 

Temperature  of  fluid 

V 

m 

71.1°C 

The  windings  of  the  mlcrosyn  torquer  were  supplied  with  direct  current  during 

the  analyses.  A  high-quality  direct -current  voltage  stabilizer  of  the  type  used 

under  normal  operational  conditions  was  employed  as  a  current  supply.  The  use  of 

direct  current  considerably  simplified  the  task  of  obtaining  exact  measurements  of 

the  I  currents  which  arise  in  the  series-connected  windings  of  the  mlcrosyn  tor- 
—con 

quer.  It  should  be  noted  that  the  integrating  gyroscope  analysis  was  conducted 

under  conditions  which  approximated  to  normal  working  conditions  Just  as  closely  as 

In  the  case  of  differentiating  gyroscopes. 

In  computing  the  numerical  values  of  the  relative  angular  velocity  *>  tXp#rel 

^ee  Eq.  (3.61^,  the  relative  dimensionless  amplification  factor  (k^2  ,  ^exp.rel 

-con  m 

(according  to  Eqs.  (5*19)  and  (5.20J,  and  the  relative  error  •  ,  which  Is  de¬ 

termined  by  Formula  (5-£y),  It  was  assumed  that 


Bfid/i.r  =  0.0573  #/**‘  **  l3.8*e 

if  \*  v  24.47 

f  O  •  *  •  I 


(V  ,**W- 0^067*=^= 

con  aa 


4.087  •  10-5 

.  mar 


0.234 
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It  will  be  6een  from  the  curves  in  Fig.  5*9  that  the  facto;  [k.2  N 

\-eon,  •»/ 

remains  equal  to  unity  with  an  error  of  Hit  in  the  angular-velocity  range  from 


0.0001  to  4  rad/ sec.  In  other  words,  the  relative  error  * 


of  the  output 


quantity,  the  angular  velocity**  ,  does  not  exceed  to. 01  (il£)  in  this  range.  At 

angular  velocities  greater  than  k  rad/ sec,  the  curve  of  the  factor  (k_2  j  ,, 

\  =«on  ,«■/  ** 


I 

I 


i 

t 


Fig.  5.9.  Static  characteristics  of  operation  of  floating  integrating 
gyroscope  of  T^pe  lCr,  Ho.  79,  in  spatial-integration  regime,  o-points  for 
(K.,2  ,  M  )  -points  for  <  #  ;  1  and  2)  Envelopes  of  points  for 

~-»n  eX^" 


and*  ,  corresponding  to  an  absolute  error  A  «*  of  the 


(?£>n'  ** 

output  quantity  equal  to  ±0.000001  rad/ sec. 


and,  consequently,  that  of  the  relative  error  •  ,  turn  sharply  downward;  this 

i 

la  accounted  for  by  a  saturation  effect  In  the  core  of  the  mlcrosyn  torquer  which 


reduces  the  moment  which  it  generates,  and  also  by  friction  due  to  the  radial  load 
on  the  bearings  which  results  from  the  increase  in  the  magnetic  reactive  moment. 

At  velocities  smaller  than  0.0001  rad/sec  the  distribution  of  the 


t 


2^1 
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points  assumes  a  random  character.  However,  all  of  them  occur  between  enveloping 
curves  which  correspond  to  absolute  errors  A-  of  the  angular  velocity  «  of 
♦■0.000001  rad/sec.  This  signifies  that  the  influence  of  various  indeterminate 
electrical  disturbances  prevents  us  at  small  angular  velocities  from  maintaining 
the  output  quantity  of  the  spatial  integrator,  i.e.,  the  angular  velocity  -  ,  with 
an  error  smaller  than  +0.000001  rad/ sec.  Among  the  principal  factors  which  cannot 
be  taken  into  account  due  to  their  indeterminate  nature,  and  which,  consequently, 
belong  to  the  class  of  indeterminate  disturbances,  are  the  following:  friction  in 
the  bearings  of  the  floating  gyroassembly;  radial  displacement  of  the  floating 
gyroassembly,  which  results  in  asysmnetiy  of  the  magnetic  flux  in  the  gaps  of  the 
microsyn  torque r  and  microsyn  pickoff  and,  consequently,  in  the  development  of  a 
moment  acting  upon  the  floating  gyroassembly;  and  finally,  electrical  disturbances 
of  various  types  which  produce  indeterminate  output-signal  components  and  thereby 
affect  the  operation  of  the  gyroscope. 

Hie  region  of  indeterminate  values  of  the  factor  ^ exp. rel  whlch  ifl 

found  at  angular  velocities  smaller  than  0.0001  rad/sec  could,  in  all  probability, 
be  reduced  by  more  careful  manufacture,  adjustment,  and  monitoring  both  of  the 
floating  integrating  gyroscope  itself  and  of  the  servodrive.  It  may  be  assumed, 

however,  that  a  certain  region  of  indeterminate  values  of  the  factor 

.  V  i.e  a  region  of  indeterminate  operation  of  the  device  in  the 

'5lc  , m  7exp.  rel 

spatial-integration  regime,  will  always  exist  at  low  angular  velocities.  Refine¬ 
ment  of  the  device  may  lead  to  the  region  shifting  toward  lower  angular-velocity 
values,  but  the  general  nature  of  the  static  characteristics  of  the  device  will  re- 

main  the  same  as  that  indicated  in  Fig.  5 "9* 

It  should  also  be  borne  in  mind  that  the  error  of  measurement  is  also  a  func¬ 
tion  of  the  accuracy  with  which  the  turntable  circle  is  graduated  and  the  interval 
of  tine  which  elapses  between  successive  microscope  readings. 

If  a  +2.5 i  deviation  of  the  factor  ^2^  ^exp.  rel  frQm 
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Formula  (5.2)J  is  considered  tolerable  in  the  working  range  or  the  Type  10  ,  No. 

79  device,  this  working  range  will  extend  (as  seen  from  Fig.  5*9)  from  &^eXp>  “ 

*  0.00004  rad/sec  to  approximately  6)  «■  7  rad/ sec.  The  ratio  of  these 

^  e  xp  •  max 

limits  is  N„  -  »  175,000. 

^exp.  min 

Applying  the  same  tolerance  to  the  working  range  of  the  floating  torsion-rod 
differential  gyroscope  whose  characteristics  were  presented  in  Fig.  5-7>  fin<i 
that  it  extends  from  m<n  “  0.010  rad/sec  to  a>eXp.  *  1-950  rad/sec. 

Thus  for  this  device 

AT,-  .^.gg  ,195. 


Accordingly,  -  897.5. 

The  significantly  wider  working  range  of  the  floating  integrating  gyroscope 
operating  in  a  uniaxial  spatial-integrator  system  as  compared  to  the  working  range 
of  the  floating  torsion-rod  differential  gyroscope  used  to  measure  angular  velocity 

^  Is  accounted  for  on  the  one  hand  by  the  superior  design  of  the  integrating  gyro- 

1 

scope,  and  on  the  other  by  the  larger  error  in  an  ordinary  thermionic  voltmeter 
reading  for  an  alternating  output  voltage  UQut  as  compared  with  a  direct-current 
voltage.  Hie  analyses  of  the  differentiating  and  integrating  gyroscopes  were  con¬ 
ducted  on  the  same  turntable  apparatus.  The  angular  velocities  of  the  rotary  plat¬ 
form  were  imparted  by  the  same  integrating  gyroscope  in  both  cases;  in  one  case, 
thia  functioned  as  a  component  of  the  apparatus,  and  in  the  other  as  the  object  of 
analysis.  The  angular  velocities  of  the  turntable  apparatus  were  thereby  main¬ 
tained  with  the  same  degree  of  accuracy  in  the  analyses  of  both  devices. 

Even  when  the  difficulties  involved  in  measurement  of  the  input  and  output 
quantities  are  taken  into  account,  the  range  in  which  the  integrating  gyroscope 
functions  satisfactorily  is  far  wider  than  the  same  range  for  the  differentiating 
gyroscope .  This  is  explained  by  numerous  factors  which  affect  the  operation  of  the 

!. 


r-TS-9910/Y 


263 


differential  gyroscope  but  not  that  of  the  integrating  gyroscope.  As  was  noted 
previously,  these  include  torsion-rod  hysteresis,  the  zero-point  errors  of  this 
rod  and  the  microsyn-pickoff,  vibration,  etc. 

Differentiating  gyroscopes  with  feedback  circuits  are  superior  in  that  they 
do  not  have  torsion  rods  or  mechanical  springs  of  any  other  type.  The  basic  dis¬ 
advantage  of  all  types  of  differentiating  gyroscopes,  however,  is  the  necessity  of 
limiting  the  angle  of  rotation  of  the  floating  gyroassembly  in  order  to  eliminate 
the  influence  on  their  operation  of  the  angular  velocity  of  rotation  of  the  instru¬ 
ment  housing  about  the  axis  perpendicular  to  the  input  (measurement)  and  output 
axes  of  the  device;  this  lowers  the  upper  limit  of  the  working  range  of  the  device 
by  a  considerable  margin.  This  limitation  does  not  generally  apply  to  the  inte¬ 
grating  gyroscope,  provided  that  it  operates  in  conjunction  with  a  correctly  com¬ 
puted  servosystem  equipped  with  an  integral  control  having  a:,  adequate  amplifica¬ 
tion  factor.  The  vise  of  large  amplification  factors  renders  it  possible  to  actuate 
the  aervodrive  at  snail  values  of  the  microsyn-pickoff  output  voltage  “out'  or. 

In  other  words,  at  extremely  small  (near-zero)  angular  deflections  of  the  floating 
gyroassembly  from  its  initial  position. 

Since  the  integrating  gyroscope  does  not  possess  a  torsion  rod  or  any  other 
mechanical  springing  device,  it  Is  completely  free  from. the  drawbacks  inherent  in 
them:  hysteresis,  nonlinearity,  difficulties  in  connection  with  the  adjustment  of 
the  torsion  rod.  Another  advantage  of  the  integrating  gyroscope  is  that  it  makes 
use  of  &  heavy  fluid  having  a  considerably  higher  viscosity  than  that  used  in  the 
differentiating  gyroscope.  This  results  in  appreciable  reduction  of  the  in¬ 
fluence  which  the  vibration  of  the  gyromotor  rotor  during  its  rotation  exerts  upon 
the  operation  of  the  integrating  gyroscope. 

i 
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Section  4.  Static  Analysis  of  Integrating  Gyroscopes 
In  the  Georaetrlc- l&ablllzatl'on  Regime 


In  the  steady  state,  the  geometric-stabilization  regime  Is  characterized  by 

the  relative  dimensionless  amplification  factor  «*  , )  .  determined 

-  tra  rel  exp.  rel 

by  Eqs.  (3-113)  and  (3-1U)  and  the  relative  error  *  «  given  by  Eq. 

(3-11^)-  Ibus  the  static  characteristics  of  this  regime  are  the  curves  of 

(K  )  . 

'“tra “rel  exp.  rel  and  “rel  aa  functlonB  of>  “exp.rei'  as  obtained  from  Eq. 
(3-6l).  It  should  be  noted  that  the  geometrical-stabilization  regime  is,  by  nature 

a  particular  case  of  the  spatial-integration  regime  which  occurs  when  the  current 
IgQH  delivered  to  the  secondary  winding  of  the  microsyn  torquer  is  given  zero  value 
As  a  rule,  the  various  disturbing  moments  due  to  mechanical  Imbalance,  the  re¬ 
actions  of  the  plckoff  and  torquer,  the  gyromotor  leads,  etc.,  affecting  the  float¬ 
ing  gyroassembly,  lead,  as  noted  previously,  to  the  appearance  of  drift  In  the 
aervodrive  which  controls  the  integrating  gyroscope.  It  was  also  pointed  out  that 

is  supplied  to  the  control  winding  of  the  microsyn 

of 

the  interference  moment  The  presence  of  thiu  current  does  not  alter  the  oper¬ 

ating  regime  of  the  device,  which  remains  one  of  geometric  stabilization,  as  in  the 

i 

case  I _ »  0. 

“CCT1 

The  analysis  of  integrating  gyroscopes  in  the  geometrical-stabilization  regime 
Is  conducted  in  the  apparatus  represented  schematically  in  Fig.  5.10.  This  consists 
of  the  familiar  turntable,  illustrated  separately  in  Fig.  5.2,  and  the  three-sec¬ 
tion  console  17.  These  are  complemented  by  the  independent  uniaxial  spatial  angu¬ 
lar-velocity  Integrator  mounted  on  the  rotary  platform  16  with  its  servosystem  and 


a  suitable  current  I  ,, 

-conM. 

•  -i  syst 

torquer  in  order  to  compensate  the  effect  of  the  eystematic  component  M 

-4  syst 
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the  floating  integrating  gyroscope  10  to  be  analyzed.  The  input  axis  y  of  this  in¬ 
tegrator  coincides  with  the  geometrical  axif»  of  rotation  of  the  platfcm  l6.  The 
base  3  of  the  integrator  is  rigidly  attached  to  the  platform  16.  The  slave  motor 
15  and  its  speed  reducer,  which  consists  of  the  servosystem  gears  14  and  13,  are 
mounted  in  the  base  3.  The  shaft  of  the  gear  13  is  vertical  and  directed  along  the 
input  axis  ^  of  the  integrator.  The  thermostat  12  is  rigidly  mounted  on  the  gear 
13,  and  plays  the  part  of  the  object  which  ha6  to  be  stabilized  geometrically  in 
inertial  apace  with  reference  to  the  £  axis.  The  gyroscope  10  undergoing  analysis 
la  mounted  within  the  thermostat.  Its  measurement  axis  is  directed  along  the  ^ 


Fig.  5.10.  Apparatus  for  static  analysis  of  floating  integrat- 
iog  gyroscopes  in  the  geometric -stabilization  regime,  l)  Base; 
2)  electric  clock;  3)  base  of  integrator;  4)  floating  integrat¬ 
ing  gyroscope;  5)  light  source;  6)  screen;  7)  scale;  8)  light 
■pot  formed  by  beam  reflected  from  mirror  9 >  9)  mirror;  10)  inte 
grating  gyroscope  undergoing  analysis;  11)  contact  rings  and 
brushes;  12)  thermcatat;  13),  14)  servomechanism  reduction 
gearing;  15)  slave  motor  of  servosystem;  16)  rotary  platform; 

17)  three- section  console. 


axis.  A  mirror  9  is  affixed  to  the  face  of  the  gyroscope.  The  angles  through 
which  the  thermostat  12  ani  gyroscope  10  rotate  with  respect  to  the  base  1,  i.e. 
with  respect  to  th  earth,  are  determined  by  observation  of  the  spot  8  (formed  by 
the  pencil  of  light  reflected  from  the  mirror  9)  as  it  moves  along  the  scale  7  on 
the  fixed  screen  6. 


r-_TS-9910/V 


266 


„  UB  ex,i®ine  the  steady-state  operation  of  the  Integrator  mounted  on  the  ro¬ 
tary  platform  16,  which  is  characterized  in  the  genera]  case  by  Eq.  (3. 103).  V* 

a  0  for  the  integrator  under  consideration.  Let  us  assume  that  the  moment  M 

-i  syst 

acting  or.  the  floating  gyroassembly  of  the  test  gyroscope  10  is  compensated  by 

supplying  the  appropriate  current  Icon  M  as  determined  by  Eq.  (3. 105)  to  the 

-i  syst 

control  winding  of  its  microsyn  torquer.,-  The  transfer  angular  velocity  w  of  the 

tra 

integrator  base  3  is  identical  to  the  absolute  angular  velocity  of  rotation  of  the 
platform  16.  which  is  determined  by  Eq.  (5. 12).  Thus, 

....  »V. ..+•»'«».  (5.2U) 

foklng  all  of  the  above  factors  into  account,  we  find  that,  the  steady-state 
operation  o'*  the  integrator  under  examination  is  characterized  in  the  general  case, 
provided  that  _  0,  by  the  equation 

•r. “Of-*/  J -)  (5.25) 

Here  is  the  angular  velocity  of  the  thermostat  12  carrying  the  gyroscope 
10  (i.e.  velocity  of  the  mirror  9)  about  the  y  axis  with  reference  to  the  integra¬ 
tor  base  3  or,  which  amounts  to  the  same  thing,  to  the  platform  16. 

Setting  JCQn  »  0  in  Eq.  (5.25),  we  obtain  the  steady-state  equation  of  the 
geometric-stabilization  regime.  Thus  for  ideal  operation  of  the  integrator  in  the 
steady-state  geometric-stabilization  regime, 

+  *.s,n?)»  —  •„  (5.26) 

In  actuality,  the  value  of  the  angular  velocity  w  will  deviate  somewhat 

•  rel 

from  ita  ideal  value  as  given  by  Eq.  (5.26),  jimply  because  M.  .  L  0.  Let  the 

1  rend  ' 

corresponding  absolute  error  be  denoted  by  a*  .  How  «  will  be  determined 

rex  rci 

In  practice  by  the  equality 
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(5.27) 


In  order  to  determine  the  values  of  (K  )  e  re]_  vhlch  correspond 

tra*  rel 

to  various  relative  angular  velocities 


ifl.  alia  tap 
•  pi.  ibt  r«l 


(5.28) 


r responding  values  of  the  factor  (K  M  „  ^exp* 


it  is  necessary  to  knov  the  co 
Proceeding  from  Eqs.  (3«1H),  (5.2?),  and  (5«2U),  "e  find  that 


tra  rel 


IK  \  -/****■ 

\  «Pi  .b.  /exp  \«*pi.  .b. /.«■< 


(5-29) 


Thus  the  problem  comes  down  to  one  of  measuring  «pl>  ab8  and  A  The  tech¬ 

nique  used  in  measuring  «pl  abB  is  evident  from  Formula  (5.12),  and  also  from  the 
earlier  descriptions  of  the  use  of  the  apparatus  shown  in  Fig.  5.2.  A  **rel  should 
pot  be  measured  with  reference  to  the  platform  l6,  which  would  be  difficult,  but 
With  reference  to  the  earth,  i.e.  by  means  of  the  light  spot  moving  along  the  scale 
J  of  the  screen  6  (Fig.  5*10). 

I  Let  ua  find  the  relationship  between  x  and  the  angular  velocity  of  the 
mirror  9  about  the  jr  axis  with  reference  to  the  earth,  measured  in  corresponding 
'units  with  the  aid  of  the  scale  7  and  the  light  spot  formed  by  the  beam  of  light 
reflected  from  the  mirror  9.  The  velocity  of  rotation  of  the  mirror  $  about  the 
axis  with  respect  to  the  earth  is  given  by  «#Bir  -  +  '*pl>  rel- 


£  axis  witn  respect  to  tne  earui  "x  **mir 

Substituting  Eq.  (5.2?)  in  the  above,  we  obtain 

i 


(5.30) 
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differs  from  A  w 


Thus 


by  the  vertical  component  of  the  angular  veloci- 


9  M  **  vw  —  —  . 

mir  rel 

ty  of  the  earth's  diurnal  rotation,  sin*.  As  a  result  it  is  necessary  to  cor¬ 
rect  the  measured  values  for  the  angular  velocity  “B^r  mathematically  for  tne  ver¬ 
tical  component  of  the  earth's  diurnal  rotation  in  order  to  obtain  values  fora**^^. 
In  practice,,  however,  it  is  considerably  more  convenient  to  proceed  in  such  a  way 
that  the  angular  velocity  •  ^  is  not  a  function  of  *»e  sin  *  ,  and  therefore  di¬ 
rectly  equal  to  A  **  !••• 


•»u  “  A«r#,  • 


(5.31) 


To  accomplish  this,  a  current  Icoq  -  Jcon_  cQBp  sufficient  to  compensate  the 
vertical  conqxment  »*e  sin  *  of  the  earth's  diurnal  rotation  should  be  supplied  to 
the  control  winding  of  the  microsyn  torquer  of  the  gyroscope  10  undergoing  analysis. 
It  follows  from  Eq.  (5*25)  that  this  current 

/ _ -4^.  (5.32) 

<-• 

i 

1 

On  the  basis  of  all  the  above  considerations,  therefore,  the  analysis  of  a 

floating  Integrating  gyroscope  in  the  geometric-stabilisation  regime  should  consist 

j 

of  the  following:  various  constant  angular  velocities  In  the  inertial  space  about 

i 

the  £  axis  are  imparted  to  the  platform  l6  by  supplying  the  appropriate  currents 

I  to  the  control  winding  of  the  microsyn  torquer  of  the  gyroscope  4.  The  velo- 
-con 

city  A.  m  ^  Is  measured  by  observation  of  the  light  spot  (formed  by  the  beam  of  light 

reflected  from  the  mirror  9)  it  moves  along  the  scale  7»  and  of  the  electric 

clock  2,  referring,  in  this  case,  to  Formula  (5-3l)»  since  this  is  permissible  by 

virture  of  application  of  the  current  I _  determined  from  Eq.  (5*32)  to  the 

(  -con.  comp 

control  winding  uf  the  microsyn -torquer  of  -be  gyroscope  10.  Next,  the  values  of 
<5  *  tra'  *  regexp  vHlch  corre,Pond  **  wloua  ~lue*  oT  “exp.  rel 

2§Q 
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determined  from  Eq.  (5-26)  are  computed  from  Formula  (5*29)-  Then  the  values  for 

(K/j  ,  and  are  calculated  and  curves  plotted  accordingly. 

'  tra'  "rel  exp*  rel  "rel 

Figure  5.11  shows  static  characteristics  for  a  florting  integrating  gyroscope 
of  Otype  lo\  No.  79  (data  for  which  were  given  in  Chapter  II,  Sec.  1,  Tables  1  and 
2),  operating  in  the  geometric-stabilization  regime;  these  were  recorded  by  the 
method  outlined  previously  in  the  apparatus  represented  schematically  in  Fig.  5*10* 
characteristics  were  registered  under  the  following  conditions: 


Frequency  of  current  fed  to  gyromotor 

Phase  voltage  of  gyromotor 

Phase  current  of  gyromotor 

Excitation  current  of  microsyn  pickoff 

Frequency  of  current  fed  to  excitation 
winding  of  microsyn  pickoff 

Excitation  current  of  microsyn  torquer 


f 

-gyr 


*ex 


1*00  cps 
8.2  volte 
0.3  amp 
125  ma 

1*00  cps 
100  ma 


Frequency  of  current  fed  to  excitation 
winding  of  microsyn  torquer 

Vertical,  component  of  angular  velocity 
of  earth's  diurnal  rotation,  compensated 
by  application  of  current  Icon<  cQmp  = 

m  const  to  secondary  winding  of  microsyn 
torquer 


Temperature  of  fluid 


ft  -  1*00  cps 


sin  <f  « 


T  - 


4.87  x  10"5 
rad/ sec 


71.1°C. 


In  calculating  the  numerical  values  of  the  relative  angular  velocity  d4xp-rel 

and  the  relative  nondlmensional  amplification  factor  (K  4/  4/  )ex_  rel 

tra'  rel 

It  was  assumed  that 


«  ft.  - 


.0.0573  “/***«  13. ••• 

■n^Mc 
* -  "  • 

mnt/*4 c 
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rig.  5.11.  Static,  characteristics  of  operation  of  floating  integrating 
gyroscope.  Type  10*,  Ho.  79  in  geometric-stabilization  regime,  o-points 
f°r  (K  „tra,  nll  •  **«*»*•  «*  •  «  nli  D,  2)  envelope 

curves  of  points  for  (K  -tjm,  nl  *  «rel'  which  corre" 

spond  to  an  absolute  output -quantity  error  a  «rel  -000001  rad/sec. 

It  esn  be  seen  from  comparison  of  the  curvr.s  of  Fig.  5*11  end  those  of  Fig. 

5.9  that  for  «  ,  <  4  rad/sec,  the  operation  of  the  floating  integrating 

ixp •  rex 

gyroscope  in  the  geometric-stabilization  regime  is  similar  to  its  operation  in  the 
spatial -integration,  regime.  In  the  range  of  angular  velocities  from  0.0001  to  4 

rad/ sec  the  factor  (K  w  tra"*rel^exp.  rel  re“ltia  e«u*1  **  unlty  vlthin  Hi,  i.e. 
the  relative  error  *  a  rel  of  the  output  quantity  (the  angular  velocity  **rel) 
does  not  exceed  ±0.01,  or  ±li,  in  this  range.  At  angular  velocities  lover  than 
0.0001  rad/sec,  the  experimental  points  fall  between  envelope  curves  which  corre¬ 
spond  to  absolute  errors  a  *rel  of  ±0. 000001  rad/sec.  The  reason  for  this  is 


essentially  the  same  as  in  the  case  of  the  spatial-interration  regime. 

At  higher  angular  velocities,  and  particularly  at  angular  velocities  in  excess 
of  4  rad/sec,  the  operation  of  the  integrating  gyroscope  in  the  geometric-stabili¬ 
zation  regime,  a6  distinguished  from  its  operation  in  the  spatial-integration  re¬ 
gime  f  proceeds  normally,  vithout  deteriorating  lr.  any  way.  It  may  be  stated  that 
the  operation  of  the  device  in  the  geometric-6tabilization  regime  is  not  subject  to 
an  upper  angular-velocity  limit.  This  is  in  concequcnce  of  the  fact  that  imper¬ 
fections  in  the  operation  of  the  microsyn  pickoff,  gyromotor,  fluid  damper,  or  the 
mechanical  components  of  the  design  by  which  these  elements  are  linked  exert  hardly 
any  detrimental  influence  on  the  operation  of  the  integrator  as  a  whole.  In  any 
concrete  geometric-stabilization  system  the  upper  velocity  limit  Is  Imposed  by  the 
capacity  of  the  servoayatem  to  reproduce  this  high  angular  velocity  and  large  an¬ 
gular  accelerations. 


t 


Section  5.  Drift  Analysis  of  Differentiating  Gyroscopes 


By  the  angular  velocity  of  drift  of  a  differentiating  gyroscope  we  mean  the 
Input  angular  velocity  which  would  necessarily  result,  under  ideal  conditions,  in 
the  appearance  of  that  output  signal  of  the  gyroscope  Vhich  is  actually  obtained  at 
zero  value  of  the  input  angular  velocity  *•  .  let  us  t*e  UQUt>  ^  to  denote  the 

output  voltage  obtained  from  the  differentiating  gyroscope  at  zero  input  angular 
velocity  «*,  and  by  «*  the  angular  velocity  of  drift  which  corresponds  to  it.  It 
follows  from  Eq.  (4.29)  that  in  the  ideal  case,  i.e.  for  -  A  -  0  and  angles 

0  near  zero,  U  =  K  »  .  Proceeding  from  this  equality,  we  may  write 

-out  -  -  ,UQut 


U. 


(5.33) 
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Accordingly,  the  angular  velocity  of  drift  of  a  floating  differential  gyroscope 
with  a  feedback  circuit  is 


(5.31*) 


where  Ia.  dr  lB  the  outPut  current  of  the  amplifier  at  zero  vulue  of  the  Input  an¬ 
gular  velocity  •*  . 

In  accordance  with  the  above,  measurement  of  the  drift  of  a  floating  differ¬ 
entiating  gyroscope  is  accomplished  by  measurement  of  its  output  signal  for  zero 
value  of  the  input  angular  velocity  w  .  The  analysis  is  performed  in  the  apparatus 
illustrated  schematically  ii.  Fig.  5.5.  The  velocity  of  the  platform  5  in  Inertial 
space  about  the  £  axis  should  be  adjusted  to  zero.  The  corresponding  angular  velo¬ 
city  “pi.  rei  8hould  ^  equal  to  -  w^sin  a  .  The  occurrence  of  drift  in  a  tor¬ 
sion-rod  floating  differential  gyroscope  is  a  result  of  inaccurate  assembly  and 
adjustment  of  the  device,  torsion-rod  hysteresis,  noncorrespondence  between  the 
zero-points  of  the  torsion  rod  and  the  microsyn-pickoff,  etc. 

Ifce  systematic,  component  of  drift  may  be  compensated  by  application  of  an 

appropriate  current  ICQn  M  to  the  microsyn  torquer  (if  there  is  one).  The 

-1  syst 

random  drift  component  cannot  be  compensated.  The  drift  of  a  floating  differentiat¬ 
ing  gyroscope  with  feedback  may  also  be  basically  compensated  in  a  similar  manner. 
Analyses  of  a  floating  differentiating  gyroscope  with  a  torsion  rod  —  No.  26  — 

ahowed  that  its  -  ^  was  O.OOlU  rad/Bec.  Drift  data  for  the  differentiating 

4  » 

gyroscope  Type  10  ,  No.  55,  were  given  in  Table  5  (Chapter  II,  Sec.  2). 


Section  6.  Drift  Analysis  of  Integrating  Gyroscopes 
- fly  the  angular  velocity  of  drift  of  a  floating  integrating  gyroscope,  which  we 
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denote  by  u  .  ,  we  mean  the  absolute  angular  velocity  at  which  It  Is  necessary  to 

J  dr 

rotate  the  device  about  its  Input  axis  In  order  to  maintain  the  output  signal  of 

the  gyroscope  (the  voltage  U  .)  constant  (specifically,  for  example,  equal  to 

tero)  when  the  current  I  —  0.  In  other  words,  it  is  the  velocity  at  which  it  is 
'  -con 

necessary  to  rotate  the  device  about  its  input  axis  in  order  to  create  a  gyro¬ 
scopic  moment  equal  in  value  and  opposite  in  sign  to  the  interference  moment  acting 
upon  the  floating  gy reassembly  about  its  axis  of  rotation.  Accordingly,  the  float¬ 
ing  gyroassembly  will  be  in  equilibrium  when  the  device  is  rotated  at  a  velocity 

m  vith  I  «  0.  and  0  .  will  be  constant  as  a  result.  If  the  device  were 

dr  —con  -out 

an  ideal  one,  l.e.  if  )l  were  zero,  its  would  become  zero.  The  angular  velo¬ 

city  m  is  the  sum  of  systematic  and  random  components.  The  systematic  component 
of  **dr  la  an  effect  of  moment  components  ^  8yBt  due,  first,  to  imbalance  of  the 
floating  gyroassembly  with  respect  to  its  axis  of  rotation  and,  second,  to  moments 
exerted  on  the  floating  gyroassembly  by  the  leads  of  the  gyromotor  and  the  plckoff 
aul  torquer,  also  to  moments  resulting  from  elastic  deformation  of  the  floating 
gyroassembly.  The  systematic  component  of  due  to  the  second  group  of  factors 

may  be  compensated  by  supplying  an  appropriate  current  to  the  control  winding  of 
the  microsyn  torquer.  The  systematic  component  of  “  ^  due  to  imbalance  of  the 
floating  gyroassembly,  which  we  shall  designate  the  gravitational  component  of  the 
irtft  velocity  ai*i  denote  by  tt  ,  depends  on  the  orientation  of  the  floating 

gyroassembly  with  respect  to  the  vector  of  the  force  of  gravitation.  This  component 
of  „  Bty  also  be  compensated  if  we  take  the  above  orientation  into  account. 

Thus  the  entire  systematic  component  may  be  compensated  by  supplying  the  appropriate 
current  to  the  control  winding  of  the  microsyn  torquer.  It  is  readily  seen  that 
this  compensation  does  not  complicate  the  normal  operation  of  the  device.  As  was 
noted  previously,  however,  there  are  also  random.  Indeterminate  components  of 

which  cannot  be  coupensated.  These  also  determine  the  ultimate  potential 
dr 

of  the  gyroscope.  1 
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As  a  rule,  drift  velocity  should  bo 
determined  with  the  output  axis  of  the  de¬ 
vice  (the  axis  of  rotation  of  the  float¬ 
ing  gyroasserr.bly )  in  both  the  vertical 
and  horizontal  positions.  When  this  axis 
is  horizontal,  the  observed  drift  velo¬ 
city  ,  .  will  be  due  to  all  of  the 

factors  enumerated  above,  including  im¬ 
balance  of  the  floating  gyroassembly  with 
respect  to  its  axis  of  rotation.  With 
the  output  axis  of  the  device  in  a  verti¬ 
cal  position,  the  drift  velocity  *»dr  vert 

will  not  contain  the  gravitational  drift 
component,  since  the  moments  of  gravity 


Fig.  5.12.  Results  of  measurement 
of  angular  velocity  of  gravitational 
drift  in  38  floating  integrating 
gyroscopes  of  Type  1°**.  («)  Graph 

of  statistical- frequency  distribu¬ 
tion;  (b)  graph  of  cumulative  sums. 


and  lift  are  aero  with  respect  to  the 
axis  of  rotation  of  the  floating  gyro- 
assembly  when  it  occupies  this  position. 
The  drift  observed  in  thi6  case  is  due  to 


all  of  the  causes  discussed  above  with  the  exception  of  imbalance  of  the  floating 
gyroa8sembly  with  respect  to  its  axis  of  rotation. 

Accordingly,  if  o  .  .  and  m  .  .  are  known,  the  gravitational  drift 

dr*  nor  dr*  vert 

component  ^  is  -  hor  —  “  dr.  vert'  In  drift  aMly8e6'  the  device 

undergoing  test  12  should  be  mounted  on  the  platform  9  in  the  manner  indicated  in 
Fig.  5.2.  The  output  axis  x  of  the  device  should  be  perpendicular  to  the  axis  of 
rotation  of  the  platform,  and  the  input  axis  £  should  be  disposed  along  or  parallel 
to  .the  axis  of  rotation  of  the  platform.  Thus  the  axis  of  rotation  of  the  plat¬ 
form  should  be  vertical  for  determination  of  «*  ^  when  drift  is  being 

determined  with  the  z^  axis  in  the  horizontal  position,  and  horizontal  when  drift 
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is  determined  for  the  vertical  position  of  the  z^  axis.  The  jr  end  Zq  axes  Ehould 
lie  in  the  plane  of  the  meridian  In  both  cases.  Hie  axis  of  rotation  of  the  piri¬ 
form  must  be  situated  horizontally  in  the  plane  of  the  meridian  for  determination 

**dr.  vert" 

Setting  I  -  ir  *  0  in  Expression  (3.IO3)  and  applying  Eq.  (3*3M>  flnd 
-con 

that  the  relative  angular  velocity  of  the  platform  «*  “  ”“^ra  +  )  *"or 

drift  analysis.  The  absolute  angular  velocity  of  the  platform,  which  is  the  drift 
velocity  sought,  is  equal  to 


It  is  evident  from  this,  among  other  things,  that  the  larger  H  is,  the  smaller 

vill  be  the  drift  velocity  under  otherwise  identical  conditions.  This  is  accounted 

for  by  the  fact  that  the  larger  H  becomes,  the  smaller  the  angular  velocity  «  ^ 

required  to  create  a  gyroscopic  moment  equal  in  value  and  opposite  in  sign  to  the 

moment  M. . 

-X 

Thus,  to  determine  «  we  must  measure  the  relative  angular  velocity  ui  rel 

of  the  platform  with  I  -0  and  add  to  it  the  transfer  velocity  of  the  platform 
*  -con 

«  .If  the  x  and  z„  axes  are  horizontal,  “  .  *  «  sin  v  ;  when  the  x  axis  is 

tra  —  -0  ura  e 

horizontal  and  the  z^  axis  vertical,  and  also  when  the  x  axis  is  vertical. 


cos  v  . 
dr' 


tra  e 

Given  *»  we  may  also  determine  the  disturbance  moment  »  H"^-  The 
gravitational  mamsnt  M.  acting  about  the  axis  of  rotation  of  the  floating  gyro- 
assembly  Is  accordingly  5  -dr.  gr- 

The  diagrams  in  Fig.  5-12  present  experimental  values  for  angular  velocity 
of  gravitational  drift  for  38  Type  10^  floating  integrating  gyroscopes  (Massachu¬ 
setts  Institute  of  Technology)  with  their  z^  axes  in  the  horizontal  position.  The 
graphs  are  constructed  on  the  basis  of  59  measurements.  The  lower  diagram  shows  the 
distribution  of  statistical  frequencies,  and  the  one  above  the  distribution  of 
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cumulative  totals.  The  consnon  avis  of  abscissas  Is  calibrated  In  values  o:'  the  gra- 
vltatlonal  component  of  the  angular  velocity  of  drift  ,  In  mrad/sec  on  the 

upper  scale  arvl  In  fractions  of  «*  (the  angular  velocity  of  the  diurnal  rotation 
of  the  earth)  on  the  lower  scale. 

Let  us  recall  the  Importance  of  the  concepts  "statistical  frequency”  and  "cu¬ 
mulative  total."  Statistical  frequency  refers  to  the  number  of  values  of  a  con¬ 
tinuous  random  quantity  (in  our  case  the  angular  velocity  «  )  In  each  of  the 

dr.  gr 

equal  intervals  into  which  the  region  of  practical  occurrence  of  these  values  is 
divided.  The  value  of  the  statistical  frequency  Is  plotted  on  the  ordinate  of  the 
point  which  represents  the  right-hand  boundary  of  the  interval  In  question.  In 
Fig.  5.12,  the  region  In  which  u  ^  values  occurred  In  the  analyses  is  divided 
Into  intervals  of  0.01  mrad/sec  It  is  pointed  out  that  the  term  "continuous  ran¬ 
dom  quantity"  refers  to  a  variable  random  quantity  which  may  assume  any  value  with¬ 
in  &  given  interval. 

By  cumulative  total  or  cumulative  frequency  we  mean  the  number  of  values  of  a 
continuous  random  quantity  occurring  to  the  left  of  a  given  point  in  the  region  In 
which  values  of  this  quantity  occur  in  practice,  the  cumulative  sums  are  calculated 
for  the  points  which  represent  the  boundaries  of  the  above-mentioned  intervals, 
with  the  exception  of  the  point  forming  the  left-hand  boundary  of  the  first  inter¬ 
val..  Accordingly,  t£e  cumulative  sum  for  any  given  point  is  equal  to  the  sum  of 
statistical  frequencies  for  all  intervals  lying  to  the  left  of  this  point.  The 
cumulative  sum  is  plotted  on  the  ordinate  of  the  point  in  question. 

It  can  be  seen  from  Fig.  5 •  12  that  95%  of  all  measured  values  of  the  gravita¬ 
tional  component  of  the  angular  velocity  of  drift  do  not  exceed  the  angular  velo¬ 
city  of  the  earth's  diurnal  rotation,  while  IQfft  are  smaller  than  approximately  one- 
fourth  of  this  velocity.  Wie  results  of  measurement  of  the  gravitational  component 
of  drift  angular  velocity  with  the  axis  in  a  vertical  position  agree  with  the 
data  given  in  the  graphs  of  Fig.  5.12. 
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Fig.  5. 13.  Apparatus  for  drift  analysis  of  precision 
floating  gyroscopes,  mounted  on  a  concj^ete  pier. 

* 

Drift  analysis  of  integrating  gyroscopes  requires  high-precision  equipment. 

In  order  to  carry  out  drift  measurements  for  the  modern  high-p’-ecision  float¬ 
ing  gyroscopes  designed  for  use  in  the  inertial-navigation  systems  of  guided 
■issiles,  it  was  necessary  to  take  extraordinary  measures  to  insulate  the  test 
apparatus  from  the  inevitable  vibrations  of  the  building.  To  accomplish  this  it 
was  necessary  to  mount  the  test  apparatus  on  a  specially  constructed  concrete  pier 
built  on  a  rock  base  which  was  buried  deep  underground  and  not  in  contact  with  the 

building. 

A  photograph  of  an  apparatus  of  this  type  used  by  the  Minneapolis-Honeywell 
fins  is  shown  in  Fig.  5-13-  The  apparatus  in  which  the  gyroscopes  are  drift-tested 
is  mounted  on  the  pier.  It  must  be  noted  that  as  floating  gyroscopes  of  even  high¬ 
er  precision  are  developed,  the  problem  of  insulating  the  test  stands  from  the 
various  possible  types  of  vibration  and  accidental  shock  grows  considerably  more 

complicated. 

_ Ihe  creation  of  stable,  high-precision  feed  sources  is  a  very  important 
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and  difficult  Batter. 


Section  7»  Dynamic  Ttestlng 

The  general  procedure  for  determining  the  dynamic  characteristics  of  floating 
gyroscopes  consists  In  the  following:  a  certain  input  signal  lo  supplied  to  the  In¬ 
put  of  the  gyroscope,  i.e.  the  input  quantity  of  the  gyroscope  la  varied  according 
to  a  definite  pattern,  and  the  resulting  variation  of  the  output  quantity  of  the 
gyroscope  with  time  registered  with  the  aid  of  an  oscillograph.  Inferences  con¬ 
cerning  the  dynamic  properties  of  the  gyroscope  are  made  on  the  basis  of  the  curve 
obtained  in  this  way,  and  the  parameters  which  characterize  these  properties  of  the 
gyroscope  are  determined.  Either  the  input  angular  velocity  “  or  the  input  cur¬ 
rent  Jcon  of  the  gyroscope  (the  curr:nt  supplied  to  the  secondary  winding  of  the 
micro  eyn-torquer)  may  serve  as  the  signal  delivered  to  the  Input  of  the  gyroscope. 

The  input  signal  (the  input  quantity)  Is  varied  in  such  a  way  as  to  produce  an 
output  cuv  /e  from  which  It  will  be  possible  to  ascertain  the  dynamic  properties  of 
the  gyroscope.  Step-displacement,  pulse,  uniform- sinusoidal,  and  certain  other 
modes  of  input-quantity  variation  are  most  suitable  from  this  standpoint.  We  pro¬ 
ceed  now  to  consideration  of  the  reactions  of  floating  gyroscopes  to  step  displace¬ 
ment  of  Input  angular  velocity  as  a  meanB  of  determining  the  parameters  which 
characterize  their  dynamic  properties. 


Analysis  of  Integrating  Gyroscopes 


It  is  evident  from  Eq.  (3.24)  for  the  floating  Integrating  gyroscope  that  its 
dynamic  properties  are  characterized  by  a  single  parameter,  namely,  the  time 
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constant  T.  The  time  constant  is  most  conveniently  determined  from  the  curve  of 
the  transient  process  which  occurs  upon  step  displacement  of  the  input  angular  velo¬ 
city  •*.  Let  us  consider  how  this  Is  done. 

The  analysis  is  conveniently  performed  in  the  apparatus  represented  .ero¬ 
tically  in  Fig.  5.5.  The  floating  integrating  gyroscope  4  undergoing  the  test  is 
mounted  on  the  rotary  platform  5  in  a  common  thermostat  3  with  the  floating  inte¬ 
grating  gyroscope  2  which  is  functioning  as  a  component  of  the  turntable  apparatus. 
The  input  (measurement)  axis  of  the  test  gyroscope  should  be  parallel  to  the  jr  axis 
of  rotation  of  the  platform  5.  The  platform  is  set  into  rotary  motion  with  a  cer¬ 
tain  constant  angular  velocity  “  by  tie  procedure  described  earlier.  In  this  meth¬ 
od,  the  control  winding  of  the  microsyn-torquer  is  supplied  with  an  input  current 

I  auch  that  the  output  signal  of  the  gyroscope  (the  voltage  U  )  remains  equal 
-con 

to  zero  within  the  limits  of  the  accidental  components,  which  cannot  be  cot-pensated . 
Under  these  circumstances,  the  gyroscopic  moment  and  the  systematic  component  of  the 
moment  1^  are  in  equilibrium  with  the  moment  Mt  of  the  microsyn  torquer.  The  in¬ 
stant  registration  of  the  transient  process  begins,  the  input  current  1^  Is 
switched  off,  with  the  result  that  the  floating  gyroassembly  is  freed  from  the  in¬ 
fluence  of  the  moment  M. .  In  this  way  the  test  gyroscope  is  subjected  to  a  step- 

•  v 

displacement  reaction  of  the  angular  velocity  at  which  the  platform  5  is  rotating. 

transient  process  which  results  from  this  --  a  variation  in  time  of  the  output 

voltage  U  of  the  test  gyroscope  —  is  recorded  with  the  aid  of  the  oscillograph, 
■out 

Tor  exposition  of  the  procedure  by  which  the  time  constant  T  is  determined  from  the 
curve  of  the  transient  process,  we  will  refer  to  Eq.  (3.24).  In  our  case  the  ac¬ 
celeration  V  *  0. 

Up  to  cutoff  of  the  current  1^  ,  the  entire  right-hand  member  of  Eq.  (3*24)  is 

equal  to  zero;  the  voltage  UQut  is  likewise  zero  within  the  limits  of  the  random 
cosgtonenta,  which  are  not  subject  to  compensation.  The  voltage  U^,  which  is 
governed  by  the  input  angular  velocity  **  .  is  mer.m’red  after  cutoff  of  the  JCQa 
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current.  As  seen  from  Eq.  (3.24),  however,  this  voltage  will  also  be  a  function  of 
the  moment  and  the  derivatives  i  [  and  4  .  The  dependence  of  Uout  on  ^ 

could  have  been  eliminated  by  application  of  a  suitable  current  Icon  «  Icon>  conp> 
but  this  would  lave  complicated  the  procedure,  since  it  would  necessitate  effecting 
a  momentary  drop  in  the  value  of  the  current  to  ICQn>  cotBp  Instead  of  f.  complete 
cutoff.  Moreover,  the  application  of  a  current  ICQn>  conp  would  merely  compensate 
the  influence  of  the  constant  components  of  the  moment  M^,  whose  presence  does  not 
produce  errors  in  the  determination  of  the  time  constant  T  from  the  experimental 
graph  of  the  transient  process. 

I 

Thus  it  is  more  convenient  in  practice  to  make  A  and  the  term  containing 

Ma  negligibly  small  in  comparison  with  the  term  containing  •  .  The  velocity  * 

must  be  sufficiently  high  to  fulfil  this  condition.  Assuming  that  this  condition  is 

met  and  the  current  I  is  completely  cut  off,  and  also  considering  the  term  con- 
-con 

taining  a'  negligible  by  comparison  with  unity,  we  may  rewrite  Eq.  ^3.24)  in 
the  form 

rO,M  +  £/„,-  K..  -. 

Integrating  this  equation  with  the  assumption  that  at  the  instant  t  ■  0,  when 
the  current  I  is  switched  off,  U  ,  -  U  .  =  0,  and  that  the  input  ang-ilar  velo- 

city  instantly  assumes  a  value  «  ,  we  obtain  an  equation  which  describes  the  tran¬ 
sient  process  resulting  from  step  displacement  of  the  input  angular  velocity- 


(5.35) 


It  will  be  seen  from  this  equation  that  if  the  time  constant  T  were  equal  to 
gero,  the  transient  process  would  be  determined  by  the  equation 
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(5.36) 


In  this  case  the  voltage  U  ^  would  increase  as  a  linear  function  of  tine. 

This  relationship  is  represented  graphically  by  the  broken  line  In  Fig.  With 

T  0,  the  gra^h  of  the  transient  process  takes  the  form  of  the  curve  indicated  by 
the  heavy  line  in  Fig.  5.1h.  This  curve  is  asymptotic.  Letting  •*.-**•  in  *.q.  (".}  ), 
we  obtain  the  equation  of  the  asymptote  in  the  fo*-m 

u,m =k..om (5.37) 


It  follows  from  this  equation  that  the  asymptote  cuts  off  a  segment  on  the 
axis  of  abscis6'id  equal  tc  the  time  constant  T  expressed  in  corresponding  unlt6. 


Fig.  5.14.  Transient  process  in  float¬ 
ing  Integrating  gyroscope  upon  ste;j 
displacement  of  input  angular  velocity 
-  .  1)  For  T  -  0;  2)  for  T/0;  3) 

asymptote  of  curve  of  transient  pro¬ 
cess  for  T7*0. 


Fig.  5»15»  Oscillogram  of  transient 
process  in  floating  integrating  gyro 
scope  of  Type  10  ,  No.  79>  upon  step 
displacement  of  input  angular  velo¬ 
city  •*  . 


This  fact  may  also  be  used  to  determine  the  time  constant  T  from  the  curve  of  the 
transient  process  obtained  experimentally  by  the  procedure  described  above.  The 
slope  of  the  asymptote  is  equal  to  the  slope  of  the  straight  line  which  represents 
the  transient  process  for  T“0. 
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Figure  5-i5  shows  the  experirental  transient-process  curve  which  appears  upon 

k 

step  displacement  of  the  input  angular  velocity  «•»  for  a  Type  10  floating  integrat¬ 
ing  gyroscope,  No.  79,  as  obtained  by  the  above  procedure.  The  broken  line  it 
drawn  parallel  to  the  asymptote  and  represents  the  curve  of  the  transient  process 
which  would  occur  for  T«0.  We  find  from  the  curve  that  the  time  constant  T  for 
the  gyroscope  in  question  in  0.0027  sec. 

Hiia  experimental  value  for  the  time  constant  T  is  larger  than  its  calculated 
value,  which  is  0.0017  sec.  Similar  results  in  the  sense  of  Increased  time-con¬ 
stant  values  (with  reference  to  their  calculated  values)  were  also  obtained  in  tests 
of  other  devices  of  the  same  type,  but  larger  in  dimension.  The  causes  of  the  time- 
constant  increase  are  not  yet  fully  explained.  The  basic  factors  are  apparently 
the  following: 

1)  The  shaft  of  the  gyro  mo  tor  rotor,  the  housing  (frame)  of  the  gyroscope, 
and  the  axis  of  the  floating  gyroassembly  are  to  a  certain  degree  elastic,  rather 
than  absolutely  rigid,  which  gives  rise  to  a  lag  in  the  transmission  of  moments; 

2)  the  presence  of  play  in  the  bearings; 

3)  the  time  lag  inherent  in  the  electrical  measuring  equipment  used  to  measure 
and  record  the  output  signal  (the  voltage  U  ^). 

It  is  noted  that  since  the  integrating  gyroscope  possesses  a  large  specific 
damping  moment,  moderate  changes  in  temperature  cannot  produce  any  essential  changes 
in  its  dynamic  character! sties. 


Analysis  of  Differentiating  Gyroscopes 

It  Is  evident  from  Eqs.  (U.15)  and  ( 4.65)  that  the  dynamic  characteristics  of 

j 

differentiating  gyroscopes  of  both  the  torsion-rod  and  feedback  types  are  deter¬ 
mined  by  two  parameters:  the  angular  frequency  of  free  undamped  vibration  »  0 
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and  the  dimensionless  damping  ratio  b.  It  follows  from  Eq.  (4.U3)  that  the  dyna¬ 
mic  properties  of  differentiating  gyroscopes  may  also  be  characterized  by  tiic  two 
time  constants  and  T,  .  The  parameters  and  b  or  the  corresponding  and 

may  be  determined  from  the  curve  of  the  transient  process  which  results  from 
step  displacement  of  the  input  angular  velocity  «  .  The  analysis  is  performed  in 
the  apparatus  represented  schematically  in  Fig.  5*5*  As  before,  the  test  gyroscope 
is  the  one  keyed  with  the  numeral  4.  A  certain  constant  angular  velocity  w  is 
imparted  to  the  platform  5;  as  in  the  analysis  of  the  integrating  gyroscope,  this 
must  be  sufficiently  large  to  render  insignificant  the  influence  of  M(,  A  ,  and  the 
derivatives  of  A  on  the  transient  process.  In  analyses  of  torsion-rod  differentiat¬ 
ing  gyroscopes,  which  do  not  have  (microsyn)  torquers,  the  step  displacement  of 
the  Input  angular  velocity  w  is  brought  about  by  abrupt  reduction  of  this  velocity 
from  a  value  equal  to  the  angular  velocity  of  the  platform  to  zero,  which  results 
in  sharp  deceleration  by  means  of  special  mechanical  devices. 

In  the  case  of  differentiating  gyroscopes  with  feedback  circuit,  step  dis¬ 
placement  of  the  input  angular  velocity  «  is  accomplished,  as  with  the  integrating 
gyroscopes,  by  switching  off  the  current  ICOQ-  Thus  the  differentiating  gyroscope 
with  torsion  rod  is  tested  on  the  basis  of  step-displacement  nullification  of  the 
Input  angular  velocity  «*»  ,  and  the  feedback  gyroscope  on  the  basis  of  the  step- 
displacement  appearance  of  this  velocity.  The  transient  process,  the  time-curve  of 
the  voltage  U  ,  is  registered  in  either  case  by  means  of  an  oscillograph. 

•OUL 

Figure  5.16  shows  the  experimental  curve  (oscillogram)  of  the  transient  pro- 
cess  which  occurs  in  a  Type  10  floating  differentiating  gyroscope  (No.  55)  upon 
step  displacement  of  its  input  angular  velocity,  as  registered  by  the  above  method. 
The  transient  process  is  of  the  character  of  a  damped  harmonic  vibration.  Thus  the 
dimensionless  damping  ratio  is  b^  1  for  this  gyroscope.  Let  us  derive  formulas 
for  determination  of  the  values  of  b  and  r  Q  from  the  transient-process  oscillo- 
gram.  It  is  known  that  the  period  of  damped  harmonic  vibrations  is  given  by 
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and  the  damping  decrement  by 


D— 


e 


*d 

i 


Substituting  the  value  of  In  this  and  solving  the  resulting  expression  for 
b,  we  obtain 


*  = 


(5.30) 


If  b  Is  known,  we  obtain 


S” 


_ J« 

rt/r-i i  • 


(5.39) 


from  the  expression  for  T 


Fig.  5*l6.  Oscillogram  of  transient 
process  occurring  In  floating  differ¬ 
entiating  gyroscope  with  torsion  rod 
(type  l(r*,  No.  55)  upon  step  displace¬ 
ment  of  Input  angular  velocity. 


In  order  to  compute  b  arvi  *  0 
from  Formulas  (5-38)  and  (5.39)  It  is  nec¬ 
essary  to  know  Tj  and  D.  The  period 
is  determined  directly  from  the  transient- 
process  oscillogram,  lb  establish  D  on 
the  basis  of  the  oscillogram  we  determine 

the  values  V  -1'  -2 .  the  amplitudes 

of  the  initial  and  succeeding  half-waves. 
Wien  the  formula  is  employed  to  calculate 


-^(*=0.1.2.  .  .  .)  . 

the  values  of  the  damping  decrement  for  each  pair  of  successive  amplitudes.  The 
arithmetical  mean  of  the  values  D  .  Is  taken  as  the  dating  decrement  D. 

**D«  IH1  “ 
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Knowing  »  ^  and  b,  we  may  compute  the  time  constants  Tq  and  from  Formulas 
(4.44)  and  (4.45). 

Referring  to  Fig.  5*16,  we  find  that 

Tj** 0.044  sec,  AQ—  32,  —  7,  A^  —  3. 


According  to  Formula  (5.40), 


5o,1-7/32-°-219-  5i,2  -  !/7  -  0.129. 


The  value  of  2  is  nearly  double  that  of  Dq  The  most  immediate  explana¬ 
tion  for  this  Is  the  Influence  on  the  vibration  of  the  gyroassembly  of  the  moments 
Jj^,the  voltage  A  and  its  derivatives,  and  also  of  the  errors  of  the  measurement 
apparatus.  Consequently,  we  shall  not  take  D^2  Into  consideration  in  determining 
the  values  of  b  and  »  Q,  but  shall  consider 

D  «.  D  •  -  0.219. 

•  —U  f  i. 

Substitution  of  this  value  for  D  in  Formula  (5*38)  yields 


/“W 


=  0.436. 


'Referring  to  Formula  (5*39 )>  we  find  that 


0.044  /l-0.436> 


1 158.5 


Consequently, 


_L*i?  25.2  c„. 

2r.  2* 


According  to  Formulas  (4.44)  and  (4.45), 

r.-  —  =  --=0.0063 
*  'e  158.5 


“—00055  .... 

j  ®ie  experimental  value  for  the  natural  undamped-vibration  frequency  fQ  was 
found  to  be  higher  than  its  calculated  value  of  19  cps.  Thus  the  experimental 
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value  of  the  time  constant  Tq  Is  found  to  be  smaller  than  Its  calculated  value, 
which  was  0.0064  sec.  The  experimental  value  of  the  dlmencloniesa  damping  ratio  fc 

Is  approximately  30^  lower  than  Its  theoretical  value,  while  the  tine  constant  T^ 

Is  approximately  half  its  theoretical  value.  The  discrepancies  between  the  experi¬ 
mental  and  calculated  values  of  fQ,  Tg,  b,  and  ^  are  explained  by  the  fact  that 
their  calculated  values  do  not  Include  the  effective  values  of  the  radial  clearance 
•  of  the  damper,  the  moment  of  inertia  J,  and  the  rigidity  k  of  the  torsion  rod; 
the  failure  of  the  computation  formulas  to  take  into  account  secondary  factors  which 
Influence  the  vibration  of  the  floating  gyroassembly,  and  the  errors  of  the  test 
apparatus. 

Figure  5.17  shows  the  experimental  curve  (oscillogram)  obtained  by  the  above 
procedure  for  the  transient  process  which  occurs  upon  step  displacement  of  the  input 

angular  velocity  of  a  floating  differen¬ 
tiating  gyroscope  with  feedback  circuit 
formed  from  a  floating  integrating  gyro- 
scope  of  Type  10  (No.  79).  Hie  transient 
process  is  aperiodic  (monotonic)  In  na- 
tuie.  Hence  the  dimensionless  damping 
ratio  b  ^  1  for  this  device. 

Fig.  5»17-  Oscillogram  of  transient 

process  in  floating  differentiating  If  the  anticipated  value  of  the  di¬ 

gyroscope  with  feedback  circuit  on 

step  displacement  of  input  angular  mensionless  damping  ratio  b  {  2,  C.  S. 

I  velocity. 

Qraper  recommends  the  use  of  graphs  of  the 

1 

type  shown  In  Fig.  5.18  to  determine  Its  value,  and  also  the  value  of  the  argular 
frequency  of  natural  undamped  vibration  •  n  from  the  curve  of  the  transient  pro- 

I  ■  u 

Cess  which  accompanies  step  displacement  of  the  Input  quantity.  We  note  that  these 
graphs  are  suitable  for  both  no  no  sc  History  and  oscillatory  transient  processes  (for 
0.5  £b  ^2).  Let  us  consider  how  the  graph  shown  In  Fig.  5.18  is  applied.  From 
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the  graph  of  the  transient  process,  ve  determine  the  three  time  values  (denoted  by 
*1'  ^2*  aru*  t3^  at  which  the  output  quantity  xQut  becomes  equal  to 

a)  for  the  transient  process  which  occurs  when  the  output  quantity  is  step- 
reduced  to  zero  (fig.  5*19a): 

x.  .  ■  0.736  X.  . , 

-1  out  1  -0  out' 

x_  ■  0 .  4o6  . ,  L 

^2  out  -0  out’ f 

1 

*3  out  *  0,199  - 0  out* 


(5.M) 


where  x.  in  the  steady-state  value  of  the  output  quantity  at  the  moment  at 
-0  out. 

which  the  step-displacement  reduction  of  the  input  quantity  occurs  (l.e.  at  the  in¬ 
stant  t  »  0); 

b)  for  the  transient  process  which  occurs  when  a  constant  value  is  imparted  to 
.the  input  quantity  by  step  displacement  (Fig.  5>19b): 


*1  out 


0.264  x  *  .  7 

-out  sdy' 


-2  out  “  0,594  —out  sdy' 


-3  out  “  0,801  5out  sdy 


(5.42) 


where  x  .is  the  steady-state  value  of  the  output  quantity  which  i6  established 
j  -out  sdy 

after  step  displacement  of  the  input  quantity  to  a  constant  value. 

I 

Bve  next  step  is  to  determine  the  ratios 


-2 


h 


hS  -2 

s3  -~?T 


(5.43) 


Then  the  dimensionless  damping  ratios  b  are  determined  for  each  of  these  ratios 
from  the  graphs  shown  in  Fig.  5.18,  and  their  arithmetical  mean  taken  as  the  experi¬ 
mental  value  of  b. 

I 

The  graphs  in  Fig.  5.18  are  used  to  determine  the  values  of  the  products 

* „t„,  ro^3>  (5.44) 


'oh' 


0^2' 
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Fig.  5-10.  Graphs  for  determination  of  b  and  * 
from  oscillogram  of  transient  processes  with 
0.5<b<2. 


which  correspond  tc  the  values  of  the  ratios  (5-^3)  at  this  value  or  b.  This  yields 
three  valuee  for  the  angular  frequency  of  natural  undamped  vibration  r  equal  to 


V 


(5.1*5) 


The  arithmetic  mean  of  these  values  is  taken  as  the  experimental  value  of 


V 


Fig.  5.19-  Determination  of  values  for  t  ,  t  ,  and  t.  . 

(a)  For  step-displacement  reduction  of  i np ut” quant ity? 

(b)  for  step-displacement  application  of  constant  in¬ 
put  quantity. 


Referring  to  the  transient-process  oscillogram  shown  in  Fig.  5.17  and  applying 
Formulas  (5-^),  we  obtain  tx  -  O.OI36  sec,  tg  -  0.0339  sec,  t  -  0.0553  sec. 
Computing  the  ratios  (5.U3), 
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Referred  to  the  curves  In  Fig.  5*18,  these  ratios  give  «  1.8,  b^  -  1.62, 


-3  “ 

The  value  for  will  not  be  taken  Into  consideration,  as  It  differs  signifi¬ 
cantly  from  b^  and  bg.  Then  the  value  of  b  becomes 

1.3  +  1.62 


b  ♦  b 
-1  ^2 


-  1.7. 


Referred  to  the  curves  in  Fig.  5*l8»  this  value  of  b  yields  » ytg  -  3*15, “  5*1** 


According  to  Formulas  (5A5), 


—  - — 92.9  rad  /sec. 

“  t,  0.0333  '  } 


Let  us  assume 

to.?+9T.Q  c95  3  rad/ sec. 

Consequently, 

Thus  the  undamped  natural  vibration  frequency  Tq  for  the  feedback  differential 

gyroscope  analyzed  Is  15 .2  cps,  and  Its  dimensionless  damping  ratio  b  is  1.7.  It 

would  be  desirable  to  have  b  =  O.J  to  obtain  proper  dynamic  properties  In  the  device, 
a 

The  value  of  b  nay  be  reduced  by  the  methods  discussed  earlier.  It  should  be  noted, 
however,  that  a  gyroscope  with  a  dimensionless  damping  ratio  b  «  0.7  could  no  longer 
be  used  as  an  Integrating  gyroscope,  since  It  would  have  an  excessively  large  time 
constant  T. 
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CHAPTER  VI 


INERTIAL  SYSTEM  OF  NAVIGATION 


Section  1.  General  Outline 


*  The  Inertial  system  of  navigation  is  a  method  of  automatically  and  seml-auto- 
matically  guiding  aircra-ft  and  guided  missiles,  and  directing  them  towards  their 
target.  The  chief  feature  of  the  system  Is  that  it  Is  completely  self-contained 
and  Is  not  dependent  on  any  ground  equipment.  The  lnertlal-system  Instruments  In¬ 
stalled  In  the  moving  object  make  It  possible  without  any  contact  with  the  ground 
or  any  orientation  with  respect  to  celestial  bodies  to  direct  the  object  to  Its 
target  solely  on  the  basis  of  Newton's  laws  of  motion  In  absolute  (Inertial)  space. 
The  Inertial  system  of  navigation  Is  based  exclusively  on  equipment  Installed  In 
the  aircraft  or  guided  missile.  This  equipment  measures  distance  and  direction 
without  the  use  of  optical  or  magnetic  radio  conmrunication,  or  any  other  contact 
with  the  earth  or  the  celestial  bodies. 

In  the  United  States  the  Inertial  system  was  originally  developed  for  U6e  In 
medium-range  guided  missiles  as  well  ;ts  In  conventional  piloted  craft.  But  the 
system  Is  chiefly  Intended  for  long-range  guided  missiles. 

The  Inertial  system  of  navigation  has  several  important  advantages  ove«.  con¬ 
ventional  systems.  The  main  advantages  are  its  invulnerability  to  intentional 
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interference,  the  absence  of  any  need  for  ground  equipment,  and  the  absence  of  radio 
emissions,  making  it  difficult  for  the  aircraft  or  rocket  to  be  detected  by  the 
enemy.  At  the  present  stage  of  development  ti>e  weight  of  the  inertial  navigation 
equipment  installed  in  the  aircraft  or  rocket,  according  to  American  sources,  varies 
between  3«4  and  900  kg,  depending  on  the  purpose,  accuracy  required,  and  time  needed 
to  complete  the  task  assigned. 

The  inertial  system  of  navigation  consists  of  roughly  the  following  familiar 
instruments:  gyroscopes,  accelerometers,  computing  devices,  and  rvodrives. 

They  are  all  used  in  one  fox*  or  another  in  modern  aircraft.  In  an  inertial  system 
of  navigation,  however,  the  demands  made  upon  these  Instruments  are  considerably 
■ore  complex.  The  chief  requirement  is  great  accuracy.  The  accuracy  required  In 
the  manufacture,  adjustment,  and  maintenance  of  the  set  parameters  of  inertial- 
system  inatrumenta  la  so  great  that  it  can  only  be  compared  with  the  accuracy  of 
precision  instruments  in  the  laboratory.  At  the  same  time  this  equipment  must 
operate  correctly  under  conditions  where  there  are  great  changes  in  the  surrouallng 
temperature  and  under  the  coalitions  of  vibration  and  shocks  which  occur  In  high¬ 
speed  aircraft  and  rockets. 

!  Any  inertial  system  of  navigation  is  basically  a  device  for  reckoning  the 
path  traversed  by  the  object  from  the  point  of  departure  to  its  point  of  destina¬ 
tion.  For  the  system  to  be  effective  the  geographical  position  (longitude  and  lati 
tude  or  equivalent  data)  and  the  departure  and  destination  points  have  to  be  known. 
These  data  have  to  be  incorporated  into  the  system  in  the  right  way.  From  what  has 
been  said  it  follows  that  the  inertial  system  of  navigation  cannot  home  the  object 
lit  i.  guiding  (for  instance,  an  aircraft  or  rocket  )  onto  a  moving  target  unless 
*t  the  final  homing  stage  some  other  automatic  searching  device  working  on  a  dif¬ 
ferent  principle  is  used  (radar,  infrared  etc.) 

An  operating  inertial  system  of  navigation  supplied  with  data  on  the  initial 
position  of  the  guided  object  and  on  the  location  of  the  point  of  destination  is 
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able  to  determine  and  produce  the  following  data:  the  geographical  position  of  the 
moving  object,  the  ground  speed,  the  distance  already  traversed  and  the  distance 
left  to  the  point  of  destination,  the  direction  of  the  point  of  destination,  and 
the  position  of  the  aircraft  or  rocket  with  respect  to  the  plane  of  the  horizon. 

Given  these  data,  It  is  comparatively  easy  to  work  out  a  system  which  will  emit 
command  signals  that  can  be  fed  to  the  automatic  pilot  of  the  craft  to  ensure  auto¬ 
matic  flight  to  the  point  of  destination.  Thus,  this  system  of  navigation  can  di¬ 
rect  a  guided  object  from  one  fixed  point  to  anotner.  In  Its  purest  form,  as 
pointed  out.  It  is  a  self-contained  system  unconnected  with  any  devices  outside  the 
guided  object.  In  its  ideal  form  It  should  work  at  any  point  on  the  globe  at  any 
time  and  in  any  weather.  It  should  be  completely  Insensitive  to  any  outside  Inter¬ 
ference,  either  random  or  intentional;  It  should  be  accurate  and  reliable,  and 
should  be  able  to  make  unlimited  deviations  from  the  planned  course  and  ensure 
guidance  of  the  object  at  any  height.  In  Its  coiqpleted  form  the  system  must  ensure 
accurate  guidance  of  the  aircraft  or  rocket  from  a  certain  point  to  another  point 
of  destination  or  to  any  subsequent  points  on  the  earth's  surface  along  any  chosen 
path.  The  path  may  be  predetermined  or  decided  during  flight. 

A  system  answering  this  specification  will  not  require  complex  ground  equip¬ 
ment  either  at  the  point  of  departure  or  along  the  line  of  flight.  The  only  ground 
equipment  necessary  is  the  instruments  used  to  determine  the  geographical  coordi¬ 
nates  of  the  launching  point.  Information  regarding  the  coordinates  of  ths  point  of 
destination  will  also  be  required. 

The  Inertial  system  of  navigation  should  not  be  confused  with  navigation  by 

I 

the  stare  or  with  automatic  computing  systems  for  dead  reckoning, 
i  The  distinction  between  the  inertial  system  of  navigation  and  navigation  by 
the  stars  (aatronavlgation)  is  obvious.  When  flying  at  a  low  altitude  in  bad 
weather  the  possibility  of  using  astronavlgatlonal  equipment  is  limited  whereas 
this  la  not  the  case  in  Inertial  navigation. 
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The  computing  Instruments  for  automatic  dead  reckoning  (aviagruphs) ,  which 
have  now  been  in  use  for  several  years,  provide  data  similar  to  those  supplied  by 
the  inertial  system,  but  they  carry  out  the  comp-tat  icr.  using  entirely  different 
input  signals.  The  automatic  dead-reckoning  computers  receive  indications  or  the 
air  speed  from  the  speed  data'  unit.  The  signals  are  automatically  corrected  for 
drift  by  means  of  a  radar  unit  using  the  principle  of  the  Doppler  effect.  The 
actual  speed,  thus  measured.  Is  broken  down  by  means  of  coordinates  into  southern 
and  northern  components  which  are  then  integrated  with  respect  to  time.  In  this 
way  data  is  obtained  on  the  distances  traversed  in  the  North-South  and  East-West 
directions.  Other  automatic  dead-reckoning  systems  do  not  use  the  air-speed  indica¬ 
tor  and  rely  entirely  on  radar  readings. 

Without  radar  measurement  of  the  ground  speed  by  the  use  of  equipment  in  the 

flying  object  (aircraft  or  rocket),  the  work  of  the  computer  will  depend  on  the 

action  of  the  air  pressure  recorder  used  to  measure  the  air  speed.  But  the  use  of 

air  pressure  recorders  in  high-speed  aircraft,  and  all  the  more  so  in  guided  mis¬ 
siles,  involves  many  difficulties.  In  practice  it  is  impossible  In  such  cases  to 
obtain  exact  data  on  the  speed  and  contiguous  data  on  the  drift  relative  to  ground 
^t  a  great  height  without  using  external  radiation,  which  involves  the  danger  of 

i Intentional  interference  or  detection. 

inertial  system  of  navigation  uses  a  completely  different  method  of  pin¬ 
pointing  a  moving  object,  eliminating  the  need  for  data  on  the  movement  of  the  ob¬ 

ject  relative  to  the  stars  or  the  earth  obtained  by  optical,  radar  or  other  means. 

I 


Section  2.  Working  Principle  of  Inertial  System  of  Navigation 


The  working  principle  of  any  Inertial  system  lies  in  measurement  of  the 
acceleration  of  a  moving  object.  As  is  known,  the  only  value  describing  the  motion 
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of  a  body  In  space  which  can  be  measured  inside  the  body  Is  the  acceleration.  By 
continuous  measurement  of  the  acceleration  it  is  possible  to  obtain  initial  data 
with  which  to  determine  the  velocity  and  path.  Tlie  acceleration  of  a  moving  object 
can  be  measured  with  an  instrument  called  an  accelerometer. 

Hie  velocity  of  a  moving  object  is  the  integral  of  the  acceleration  with 
respect  to  time,  and  the  distance  traversed  is  the  Integral  of  the  velocity  with 
respect  to  time.  Thus,  the  distance  can  be  expressed  as  a  double  integral  of  the 
acceleration  with  respect  to  time.  Let  us  assume,  for  example,  that  there  is  a 
power  truck  standing  on  a  straight  section  of  railway  track.  We  will  equip  it  with 
an  accelerometer  which  can  measure  it6  acceleration  in  the  direction  of  motion,  and 
two  integrators  5  and  6  (Fig.  6.1).  We  will  attach  a  device  with  contacts  to  the 
Integrator  output  shaft  which  turns  to  form  an  angle  proportional  to  the  distance 
traversed;  one  conu-ct  must  be  connected  to  the  integrator  shaft  and  the  other  to 
the  instrument  housing.  We  will  turn  the  second  contact  with  respect  to  the  first 
contact  to  form  an  angle  corresponding  to  t.he  prescribed  path  of  the  truck. 

When  the  truck  begins  to  move  the  accelerometer  immediately  begins  to  mea¬ 
sure  the  acceleration  and  the  output  shaft  of  the  second  lntebrator  turns,  forming 
an  angle  proportional  to  the  distance  traveled.  As  soon  as  the  truck  has  traveled 
the  predetermined  distance,  the  contact  device  is  actuated,  switching  off  the  motor 
and  stopping  the  truck.  Thus  the  truck  reaches  a  set  point,  guided  solely  by 
equipment  installed  inside  it  and  without  any  contact  with  the  outside;  the  exter¬ 
nal  conditions,  on  which  the  velocity  of  the  truck  is  dependent,  may  differ  (for 
Instance,  head  wind,  variation  in  the  contact  circuit  voltage),  but  none  of  them 
can  affect  the  halting  of  the  truck  at  a  given  point  along  the  track.  nils  example 
Illustrates  the  simplest  inertial  system  with  one  degree  of  freedom,  and  shows  that 
Jt  is  possible  in  practice  to  direct  the  guided  object  to  a  fixed  point  by  pre- 

I 

vlously  setting  the  instru-jie  its  for  a  given  distance;  the  operation  of  the  instru¬ 
ments  does  not  in  any  way  Involve  the  direct  measurement  of  the  velocity  by  contact 
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with  the  rails  or  other  external  ceans. 


Fig.  6.1.  Accelerometer  and  in¬ 
tegrator.  l)  Accelerometer  hous¬ 
ing  connected  to  moving  object; 

2)  springs;  3)  mats;  k)  potentio¬ 
meter;  5)  and  6)  first  and  second 
integrators. 


The  measurement—  the  dead  reckoning—  is 
made  here  by  means  of  self-contained 
equipment  installed  in  the  moving  object 
and  is  net  connected  with  the  surrounding 
medium.  This  principle  of  measuring  and 
integrating  the  acceleration  is  the  basis 
of  present-day  systems  of  inertial  navi¬ 
gation. 


Section  3*  Problems  of  the  Practical  Application  of  the  Inertial 

Navigation  System 

In  an  elementary  example  of  the  inertial  guidance  of  an  object  along  a 

I 

straight  line,  it  is  enough,  as  pointed  out,  to  equip  it  with  a  single  accelero- 

i 

meter  to  measure  the  acceleiation  acting  in  the  direction  of  motion. 

If  it  is  necessary  to  furnish  inertial  guidance  to  an  object  moving  in  a 
plane  along  two  mutually  perpendicular  axes,  ve  shall  require  two  accelerometers 
and  two  pairs  of  integrators.  Each  accelerometer  with  its  two  integrators  will  in 
the  given  case  control  the  movement  of  the  object  along  it6  own  axis. 

I  If  we  now  imagine  an  Inertial  system  of  navigation  intended  for  aircraft  or 

rockets  with  as  many  as  six  degrees  of  freedom  and  capable  of  flying  in  different 
positions,  further  problems  arise  in  connection  with  the  choice  of  vorking  prin-  ■ 
ciples  and  the  development  of  the  essential  units  of  the  system,  and  also  in  con¬ 
nection  with  ensuring  that  they  operate  with  a  very  high  degree  of  accuracy.  An 
l 

aviation  inertial  Bystem  must  contain  two  or  three  accelerometers  to  determine  the 
corresponding  acceleration  of  the  aircraft  along  two  or  three  mutually  perpendicular 
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axes  (e.g.  S-N,  W-E,  upward- downward) .  The  output  signals  from  the  accelerometers 
may  be  Integrated  by  separate  Integrators  or  in  certain  cases  by  Integrators  which 
are  part  of  the  accelerometers  themselves. 

We  will  take  it  from  now  on  that  the  Inertial  Bystem  contains  two  accelero¬ 
meters  —  one  to  measure  the  acceleration  In  the  direction  S-N,  and  the  ether  to 
measure  the  acceleration  v_  In  the  direction  W-E.  The  northern  and  southern  acceL 

•id 

erations  are  considered  positive.  For  the  accelerometers  to  measure  the  given 
accelerations,  they  should  be  installed  on  a  horizontally  stabilized  platform  per¬ 
manently  orientated  with  respect  to  the  line  S-N.  The  measurement  axis  of  cne  ac¬ 
celerometer  lies  along  the  line  S-N,  and  the  other  along  the  line  W-E.  We  will 
call  the  first  one  the  northern  accelerometer  and  the  second  one  the  eastern  ac¬ 
celerometer.  Since  the  accelerometers  cannot  distinguish  the  acceleration  of  the 
moving  object,  which  they  are  intended  to  measure,  from  the  acceleration  of  gra¬ 
vity,  which  they  are  not  supposed  to  measure,  even  a  slight  deviation  of  the  plat¬ 
form  with  the  accelerometers  from  horizontal  may  give  rise  to  large  errors.  The 
proper  orientation  of  the  platform  and  accelerometers  relative  to  the  S-N  and  W-E 
axes  or  relative  to  some  other  initial  system  of  coordinates  selected  must  also  be 


'strictly  maintained. 

T*h«»  northern  and  eastern  velocities  of  the  objer  i  relative  to  the  ground  (see 
Fig.  1.13)  are  determined  by  continuous  integration  of  the  accelerations  v^  and  v£ 
effected  by  the  integrators.  Thus,  with  zero  initial  conditions 

(6.1) 


(6.2) 


I  Xbe  distance  1^  and  Lg  traversed  by  the  object  in  the  northern  and  southern 

directions  are  obtained  by  continuous  integration  of  the  velocities  vN  and  v£. 
With  zero  Initial  conditions 
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The  true  course  of  the  object  K  can  be  determined  by  a  cocpating  device  on 

•  x»r 

the  basis  of  the  equality 


<»»Af  ■ 

lr 


•jL  ' 


Dropping  In  Formula  (l.ll)  the  minus  sign,  which  depended  on  the  choice  of 
the  direction  of  the  t  axis  (Fig.  1.13),  we  find  that  the  rate  of  cliange  in  lati¬ 
tude  is 


* 


integrating,  we  obtain 


(6.3) 


■where  *  Q  is  the  latitude  of  the  launching  point. 

Tills  integration  is  carried  out  by  the  second  northern  acceleration  integra¬ 
tor.  Substituting  into  (6.3)  the  value  of  yM  emitted  by  the  first  northern  accel¬ 


eration  integrator  and  determined  by  Eq.  (6.l),  we  find 


I 


(6.4) 


'Thus,  the  latitude  of  the  position  of  the  object  is  determined  by  double  integra¬ 
tion  of  the  northern  acceleration.  The  value  '  P  q  is  introduced  into  the  system  at 
the  take-off. 

Let  us  see  how  the  longitude  X  of  the  position  of  the  object  is  determined. 
To  obtain  the  rate  of  change  in  longitude  determined  by  Eq.  (1.12),  the  eastern 

I 

ivelocity  signal  emitted  by  the  first  eastern  acceleration  integrator  and  the  lati- 

1 

tude  signal  emitted  by  the  second  northern  acceleration  integrator  are  fed  to  an 
automatic  computing  device  which  calculates  from  Formula  (1.12).  !hus»  the 

I 

icomputing  device  output  emits  a  signal  indicating  the  rate  of  change  in  longitude 


L„ 
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(6.5) 


Reotf 


ThiB  signal  Is  fed  to  the  Input  of  the  second  eastern  Integrator  which  continuously 
Integrates  Eq.  (6.5).  Thus  the  second  eastern  Integrator  calculates  the  longitude 
of  the  object's  position  from  the  formula 

(6.6) 


*-’•+1*5-,- 


vhere  Aq  is  the  longitude  of  the  launching  point  introduced  into  the  system  at  the 
taike-off . 

Consequently,  the  longitude  X  is  determined  by  double  integration  of  the 
eastern  acceleration,  i.e.  f  f 

X==X°  +  J  (6*7> 

The  distance  and  direction  required  to  the  point  of  destination  are  calculated 


by  spherical  trigonometry  by  the  automatic  computing  device  which  receives  signals 
from  the  acceleration  integrators.  In  addition,  the  inertial  system  of  navigation 
^continuously  and  automatically  determines  the  angles  f  ,  i)  and  T  (see  Fig. 
1.6),  describing  the  object's  position  with  respect  to  the  planes  of  the  horizon 
and  meridian,  knowledge  of  which  (in  addition  to  knowledge  of  the  distance  and  re¬ 
quired  direction  to  the  point  of  destination)  is  essential  for  automatic  guidance 

of  the  object  by  means  of  an  autopilot. 

It  will  be  clear  from  the  foregoing  that  for  the  practical  implementation  of 
the  Inertial  navigational  system  the  first  essential  is  a  triaxially  stabilized 
platform  which  maintains  its  horizontal  position  with  a  great  degree  of  accuracy 
and  is  permanently  orientated  with  respect  to  the  line  S-N.  let  us  suppose  that  an 
aircraft  takes  off  at  the  equator  (Fig.  6.2)  and  that  the  stabilized  platform  2 
with  the  acceieromr  ars  mounted  on  it  inside  the  aircraft  is  horizontal  at  take-off. 
If  the  platform  is  to  continue  to  maintain  faithfully  in  inertial  space  the  posi¬ 
tion  in  which  it  was  set  at  take-off,  when  the  aircraft  moves  along  the  meridian 
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through,  let  ub  say,  the  angle  ¥  ,  the  platform  will  incline  towards  the  horizon 
by  angle  ¥  .  Hence,  for  the  platform  to  remain  horizontal  during  any  movement  of 

the  aircraft  with  respect  to  the  earth,  it  must  be  stabilized  not  with  respect  to 

inertial  space,  but  to  the  plane  of  the 
horizon.  In  other  words,  the  position  of 
the  platform  with  the  accelerometers  when 
the  geographical  coordinates  of  the  air¬ 
craft  change  must  also  be  changed  in  such 
a  way  as  to  remain  horizontal  and  perma¬ 
nently  orientated  relative  to  tne  line 
B-lf. 

A  similar  problem  is  encountered  in 

Fig.  6.2.  Platform  with  accelerometers 

;  In  an  aircraft,  l)  Aircraft  at  take-  the  conventional  gyrohorizon  in  which  the 
off  point;  2)  platform  with  accelero-  m 

meters;  3)  position  of  aircraft  after  verticality  of  the  direction  of  the  gyro- 
!  movement  along  meridian  through  angle 

t ;  *0  position  of  platform  stabil-  scope  spin  axis  must  be  maintained  during 
1  lzed  in  Inertial  space;  5)  position  of 

I  torlzontally  stabilized  platform.  arbitrary  movement  of  the  aircraft  rela¬ 

tive  to  the  ground.  The  problem  In  the  gyrohorizon  is  solved  by  using  a  small  cor- 

j 

rector  pendulum  (or  some  similar  arrangement)  which  serves  to  determine  the  direc¬ 
tion  of  the  vertical  and  to  switch  on  the  slave  motor  which  sets  the  gyroscope  spin 
axis  in  this  direction.  As  is  known,  however,  when  lengthy  turns  are  made,  the 
gyrohorizon  does  not  show  the  true  vertical.  The  reason  for  this  is  that  the  cor¬ 
rection  pendulum  deviates  frts  vertical  under  the  influence  of  the  transfer  forces 

Of  Inertia.  The  gyroscope  also  deviates  from  vertical  in  its  wake. 

! 

Unfortunately,  in  inertial  oystems  of  navigation  Intended  for  high-speed  air¬ 
craft  and  rockets  it  Is  impossible  to  use  a  simple  pendulum  arrangement  to  deter- 

I 

mine  the  true  vertical  and  keep  the  stabilized  platform  In  an  exactly  horizontal 

I 

position.  The  reason  for  this  is  that  the  pendulum  will  be  affected  by  the  trans¬ 
fer  forces  of  inertia  and  made  to  deviate  from  the  true  vertical.  Thus  if  the 

i _ _ 
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accelerometers  are  to  work  properly,  the  stabilized  platform  must  always  be  hori¬ 
zontal.  and  must  be  orientated  Invariably  with  respect  to  the  S-N  line.  Unless  the 
platfoim  is  horizontal  the  accelerometers  will  start  measuring,  besides  the  accel¬ 
eration  of  the  object,  the  projection  of  the  acceleration  of  gravity  onto  the  plane 
of  the  platform.  For  example.  If  the  platform,  swings  from  the  horizontal  through 
!'•  the  effect  of  the  projection  of  the  acceleration  of  gravity  onto  the  plane  of 
the  platform  may  cause  an  error  In  determination  of  the  distance  of  18.5  ka  by  the 
end  of  an  hour's  flight. 

Let  us  consider  the  two  main  methods  of  ensuring  the  desired  direction  of  the 
measuring  axes  of  the  accelerometers  used  in  the  inertial  system  of  navigation. 

In  the  first  method  the  accelerometers  8  and  9  (Fig.  6.3)  are  situated  on  the 
platform  7  which  Is  mounted  in  the  frame  6  on  the  gyrostabllized  platform  1  ori¬ 
entated  permanently  In  Inertial  space  so  that  its  axis  Is  parallel  to  the  earth's 
diurnal  rotation.  For  the  sake  of  simplicity  the  gyrostabllized  platform  1  In  Fig. 
6-3  has  been  drawn  without  the  gimbal  In  which  It  is  mounted.  The  platform  is 
shown  diagrammatic ally  in  Fig.  1.21,  and  Its  operation  Is  dealt  with  in  Chapter  I, 
Sec.  7.  Hie  axis  in  Fig.  6.3  corresponds  to  the  £  axis  In  Fig.  1.21.  Since 
the  platform  1  remains  permanently  orientated  in  Inertial  space,  the  floating  gyro¬ 
scopes  used  on  It  should  operate  In  the  geometrical-stabilization  regime. 

The  platform  7  with  the  accelerometers  has  two  degrees  of  freedom  with  re¬ 
spect  to  the  platform  1;  one  is  rotation  about  the  £  '  axis  together  with  the  frame 
6,  and  the  other  is  rotation  about  the  £  axis  vith  respect  to  the  frame  6.  Rota¬ 
tion  of  the  platform  7  about  the  £  axis  Is  effected  by  the  servodrive  10  controlled 
by  the  output  signal  of  the  second  northern  accelerometer  12.  Rotation  of  the 
frame  6  about  the  £  *  axis  is  effected  by  the  servodrive  16  controlled  by  the  sig¬ 
nals  emitted  by  the  clock  14  and  the  computing  device  4.  The  f,  Yj ,  and  £ 
axes  are  permanently  fixed  to  the  platform  7  and  an:  similarly  orientated  to  those 
in  Fig.  1.13*  The  {  axis  Is  the  measurement  axis  cf  the  eastern  accelerometer  8, 
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and  *  the  measurement  axis  of  the  northern  accelerometer  9. 


In  order  to  understand  how  in  the  given  system  the  horizontal  position  and  tie 
desired  orientation  of  the  platform  2  in  the  axinuth  are  maintained,  let  us  look  at 
Fig.  6.4.  Let  us  consider  that  the  take-off  point  of  the  aircraft  is  located  on 


Fig.  6.3.  Diagram  showing  principle  of  inertial  navigation  system  with 
gyrostabilized  platform  orientated  permanently  in  inertial  space,  l)  Gyro- 
stabilized  platform  orientated  permanently  in  inertial  space  so  that  the 
f.'  axis  is  parallel  to  the  axis  of  the  earth's  diurnal  rotation;  2)  lon¬ 
gitude  indicator;  3)  second  eastern-acceleration  Integrator;  4)  computing 
device;  5)  first  eastern-acceleration  integrator;  6)  frame;  7)  platform 
with  accelerometers;  8)  eastern  accelerometer;  9)  northern  accelerometer; 
10)  servodrive;  ll)  first  northern-acceleration  integrator;  12)  second 
northern-acceleration  integrator;  13)  latitude  indicator;  14)  clock;  15) 
summation  device;  16)  servodrive  of  frame  6. 


the  equator  (in  Fig.  6.4.  the  aircraft  is  not  shown).  The  gyrostabilized  platform 
1  is  mounted  in  such  a  way  that  its  f  '  axis  is  parallel  to  the  axis  of  the 

earth 1  s  diurnal  rotation.  The  platform  2  with  the  accelerometers  is  set  horizontal 
at  the  take-off.  Since  the  platform  2  ij  mounted  on  the  platform  1  gyrostabilized 
jin  Inertial  space,  to  prevent  disturbance  of  the  horizontal  position  of  the  plat- 
jfrom  2  through  the  earth's  diurnal  rotation,  it  is  essential  to  turn  it  in  inertial 

I 

■pace  about  the  f '  axis  at  the  rate  of  the  earth's  diurnal  rotation,  i.e.  at  a 
rate  of  15°/hour*  This  rotation  is  effected  by  the  servodrive  6  (in  Fig.  6.3  it  is 
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marked  item  1 6)  controlled  by  t:.e  clock  7-  such  a  case  the  platform  2  or.  the 

equator  will  remain  horizontal.  In  Figs.  6.3  and  6.4  the  f  >  *  aric^  f  axe. 

have  the  same  meaning. 


lig.  6.U.  Diagram  Illustrating  Integral  correction.  ls 

platform  orientated  permanently  in  inertial  space  so  that  the  f  axis 
parallel  to  the  axis  of  the  earth’s  diurnal  rotation-,  2)  ‘  ' 

celerometers;  3)  northern  accelerometer;  M  northern  integrators,  5) 
vodrive;  6)  servodrive;  7)  clock. 


j  Let  ua  suppose  that  the  aircraft  has  begun  U3  move  uniformly  along  a  meridian 
'in  a  northerly  direction  in  such  a  way  that  the  northern  acceleration  is  v^  =  0. 
When  the  aircraft  has  moved  through  a  small  angle  A  *  ,  the  platform  2  ls  no 
longer  horizontal  since  it  has  maintained  its  original  position  in  inertial  space. 
As  a  result,  the  projection  of  the  force  of  gravity  will  begin  to  act  on  the  mea¬ 
surement  axis  '  of  the  northern  accelerometer.  The  accelerometer  will  send  a 
signal  to  the  first  integrator  which,  in  its  turn,  will  send  one  to  the  second 
Integrator  (in  Fig.  6-3  the  two  integrators  are  represented  by  a  double  integral 
sign).  The  signal  from  the  second  integrator  output  sets  going  the  servodrive  5 
litem  10  in  Fig.  6.3)  which  begins  to  turn  the  platform  2  to  a  horizontal  position. 
As  a  result,  a  regime  is  established  in  which  the  second  integrator  output  emits  a 
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constant  signal  ensuring  tliat  the  cervodrivc  5  (Fig.  6.h)  keeps  turning  platform  2 
about  the  {  axis  (Hg.  6.3)  at  a  rate  equal  to  the  rate  of  change,  v  ,  in  the  lati¬ 
tude.  Hence  the  platform  2  stays  horizontal  the  whole  time.  The  signals  from  the 
accelerometer  and  the  first  Integrator  will  be  zero  at  this  point.  This  method  of 
keeping  the  platform  horizontal  is  conventionally  called  Integral  correction.  In¬ 
tegral  correction  ensures  the  horizontal  position  of  the  platform  in  similar  fashion 
when  the  aircraft  is  moving  with  sn  acceleration  of  v  .  In  this  case  the  signals 

*  Li 

from  the  accelerometer  and  the  first  Integrator  will  no  longer  be  equal  to  zero, 
and  the  signal  from  the  second  integrator  will  not  be  constant. 

Let  us  go  back  to  Fig.  6.3.  Tlie  northern  accelerometer  signal  is  twice  inte¬ 
grated  by  the  integrators  11  and  12.  The  output  signal  of  the  Integrator  12  is 
sent  to  the  oervodrive  10  and  to  the  latitude  indicator  13*  The  latter  shows  the 
aircraft's  latitude.  The  first  window  shows  whether  the  latitude  ip  northern  (by 
the  letter  If)  or  southern  (by  the  letter  S).  The  other  windows  indicate  the  de¬ 
grees,  minutes  and  seconds  of  the  latitude. 

1  The  signal  from  the  eastern  accelerometer  8  is  sent  to  the  input  of  the  first 
eastern  integrator  5.  Its  output  signal,  which  Is  proportional  to  the  eastern 
speed  of  the  aircraft.  Is  sent  to  the  input  of  the  computing  device  4.  This  device 

I 

simultaneously  receives  a  signal  from  the  output  of  the  accelerometer  12  pro¬ 
portional  to  the  latitude  *  .  The  computing  device  4  emits  a  signal  proportional 
■to  the  rate  of  change  \  in  the  longitude,  calculated  from  Formula  (6.5).  This 
signal  is  sent  to  the  input  of  the  second  eastern  integrator  3-  The  signal  from 
the  Integrator  output  is  sent  to  the  longitude  indicator  2,  which  is  similar  to  the 
latitude  indicator  13,  and  is  fed  to  the  summation  device  15  where  It  is  algebra¬ 
ically  added  to  the  signal  indicating  the  rate  of  the  earth's  diurnal  rotation 
m  received  from  the  clock.  The  signal  from  the  output  of  the  summation  device 
15  switches  on  the  servodrive  16  which  turns  the  frame  6  about  the  f  '  axis  at  a 
rate  of  w  +  X  ,  ensuring  the  horizontal  position  and  required  orientation  of 
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the  platform  7  In  the  azimuth,  together  with  the  servodrlve  10. 


Fig.  6.5.  Gyrostablll zed  platform,  l)  Body  of  guided  object;  2)  slave 
motor  of  roll  servo- system;  3)  frame  of  roll  axis;  h)  gyroscopes;  5)  ac¬ 
celerometers;  6)  stabilized  platforms;  7)  slave  motor  of  pitch  servo- 
system;  8)  slave  motor  of  course  servo-system. 

Toe  second  way  of  making  certain  that  the  accelerometer  measurement  axes  re¬ 
tain  their  horizontal  position  and  required  orientation  in  the  azimuth  is  to  place 
the  accelerometers  directly  on  the  gyro  stabilized  platform  6  (Fig.  6.5)  which,  in 
tills  case.  Is  stabilized  vith  respect  to  the  plane  of  the  horizon  and  the  S-N  di¬ 
rection.  In  other  words,  in  this  case  the  (  ,  t)  ,  and  {*  axes  (Figs.  1.13  and 
5.5)  are  materially  reproduced  directly  by  the  gyro  stab  1 11  zed  platform.  The  work¬ 
ing  principle  of  this  kind  of  platform  has  beer,  described  In  Chapter  I,  Sec.  7* 

The  diagram  In  Fig.  C. 5  Is  a  slightly  altered  version  of  the  platform  6hcvn  In 
^ig«  1*21.  It  was  pointed  out  in  Chapter  I,  Sec.  7  that  in  jrder  to  ensure  the  re¬ 
quired  orientation  of  the  ,  » 7  ,  and  f  axes  relative  to  the  earth,  it  is  es¬ 
sential  to  turn  the  platform  correspondingly  in  Inertial  space,  for  which  corre¬ 
sponding  currents  Icon  have  to  be  fed  to  the  gyroscope  torquers.  In  the  case  under 
consideration  these  currents  are  supplied  by  the  output  signals  of  the  first  inte¬ 
grators  of  the  northern  and  eastern  accelerations  of  the  object  (aircraft  or  guided 
Vlsslle).  The  gyroscopes  on  this  platform  will  operate  both  In  the  geometrical-sta¬ 
bilization  and  spatial-integration  regimes.  A  great  advantage  of  this  version  16 
the  invariant  nature  of  the  position  of  the  gyroscopes  and  the  platform  itself  with 
regard  to  the  gravitational  field.  .  _ _ 
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In  principle  the  Integral  system  Is  set  In  operation  In  the  following  way.  The 
stabilized  platform  Is  set  in  a  horizontal  position  and  is  mounted  In  the  azimuth 
with  the  measurement  axis  of  tie  northern  accelerometer  lying  from  south  to  north, 
which  also  orientates  the  eastern  accelerometer.  Next,  the  longitude  and  latitude 
of  the  departure  point  and  the  destination  point  are  fed  into  the  computer  and  the 
Integrators  are  set  at  zero.  As  soon  as  the  aircraft  begins  Its  take-off  run  the 
accelerometers  start  working  and  emit  the  signals  necessary  for  the  system  to  oper¬ 
ate.  The  computer  will  keep  determining  the  current  coordinates,  the  course  and 
the  angles  of  pitch  and  roll  of  the  aircraft,  and  will  emit  the  necessary  signals 
for  the  automatic  pilot  to  guide  the  flight. 

The  distance  traversed,  measured  by  double  integration  of  the  accelerometer 
signals,  Is  proportional  to  the  square  of  the  time;  this  results  in  an  inadmissible 
accumulation  of  errors  in  dead  reckoning.  But  is  not  yet  possible  to  manufacture 
accelerometers,  integrators,  and  gyroscopes  with  the  accuracy  needed  to  prevent 
-these  errors  during  prolonged  flight  by  a  guided  object. 

A  practical  solution  to  the  problem  of  reducing  thr  accumulation  of  errors  and 
maintaining  the  horizontal  position  of  the  stabilized  platform  has  only  been  possi¬ 
ble  through  the  implementation  by  designers  of  inertial  systems  of  navigation  of  the 
idea  put  forward  by  Dr.  M.  Schuler  in  1923.  Schuler's  principle  of  a  pendulum  with 
ian  oscillation  period  of  84.4  min  is  the  basis  of  all  the  known  practical  systems 
of  inertial  navigation  being  developed  at  the  present  time  for  guiding  aircraft  and 

rockets.  The  principle  of  this  pendulum  lias  made  it  possible  to  establish  the  dl- 

i 

rection  of  gravity  (vertical)  with  precision  in  a  moving  object  irrespective  of  the 
acceleration  acting  in  any  direction,  due  to  auy  cause.  When  this  principle  is  ap¬ 
plied,  the  platform  and  its  accelerometers  with  a  period  of  84.4  min  will  uninter¬ 
ruptedly  follow  the  true  vertical  and  thereby  set  the  accelerometers  perpendicular 
to  this  vertical.  Furthermore,  the  application  of  this  principle  is  a  guarantee 
s^ainat  the  Inadmissible  accumulation  of  errors  in  the  computed  position,  which 
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would  otherwise  occur  through  the  drift  of  the  gyroscopes,  the  lack  cf  balance  of 
the  accele  rone  ter  s  ar.i  Instrument  errors.  In  practice  tie  Inertial  navigation  sys¬ 
tem  is  arranged  in  such  a  way  tliat  it  functions  as  a  pendulum  with  an  oscillation 
period  of  8h.4  nin.  Schuler  formulated  his  principle  approximately  as  follows: 

"An  oscillating  mechanical  system,  the  center  of  gravity  of  wnlch  Is  being  acted 
upon  by  a  central  force,  when  moving  along  the  surface  of  a  sphere  around  the  center 
of  the  forces,  will  not  be  drawn  into  an  oscillating  motion  if  the  period  of  its 
natural  undamped  oscillations  is  equal  to  the  oscillation  period  of  a  pendulum  of 
ft  length  equal  to  the  radius  of  the  sphere  and  subject  to  the  effect  of  its  field 
of  forces." 

For  bodies  moving  along  the  earth's  surface  or  flying  above  the  earth  at  a 
height  which  is  insignificantly  small  compared  to  the  radius  R  of  the  Earth,  this 
period  is 


r=  2*  l/Z  =  2k  I /  «=  84.4 

Vi  V  9.81.3600 


I 

_ Section  4.  Application  of  the  Principle  of  the  Pendulum  With  an 

.Oscillation  Period  of  04.4  Min  to  the  Inertial  System  of  Navigation 


By  the  correct  selection  of  the  parameters  for  the  separate  parts  of  the 
inertial  system  its  natural  oscillation  period  can  be  made  to  equal  8U.4  min.  If 
this  Is  done,  the  system,  like  Schuler's  classical  pendulum,  will  find  the  vertical 
of  a  point  and  maintain  Its  position  or  oscillate  with  respect  to  it,  irrespective 
of  the  movement  of  the  object.  Furthermore,  this  oscillating  system  will  not  ac¬ 
cumulate  errors  proportional  to  the  square  of  the  time;  any  accumulation  will  be  of 
an  oscillatory  nature. 

l—  oscillatory  nature  can  be  demonstrated  by  considering  the  system  with  one 
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degree  of  freedom,  ohown  dlagrarjsatlcally  in  Fig.  6.6.  The  system  consists  of  a 
platform,  taming  by  means  of  a  servodrive  about  an  axis  perpendicular  to  the  plan-- 
of  the  drawing,  to  which  is  attached  an  accelerometer  equipped  with  an  accelera¬ 
tion  Indicator.  The  accelerometer  signals  are  passed  successively  from  the  poten- 
tiometer-plckoff  to  two  integrators  equipped  with  indicators  showing  the  speed  and 
distance  traversed . 

Let  us  transpose  the  whole  system  to  the  North  Pole  and  suppose  that  the  ac¬ 
celerometer  has  a  slight  error  in  balance  which  creates  a  small  output  signal  at 
the  accelerometer  output  (Fig.  6.6a)  when  the  object  and  the  accelerometer  are  sta¬ 
tionary.  This  output  sigial  cannot  be  distinguished  from  the  signal  which  is  ob¬ 
tained  if  the  object  begins  to  turn  to  the  right  (clockwise  around  the  earth). 

After  the  second  integration  the  accelerometer  signal  will  indicate  the  apparent 
change  in  the  latitude  of  the  object.  If  this  signal  is  passed  as  a  correcting 
signal  to  the  servodrive  of  the  platform,  the  latter  will  begin  to  turn  in  a  clock- 
vise  direction.  If  the  platform  deviates  from  the  horizontal,  the  elastically  sus¬ 
pended  body  of  the  accelerometer  will  be  subject  to  the  effect  of  gravity  which  will 
now  act  in  the  opposite  direction  to  the  initial  imbalance  of  the  accelerometer. 

As  soon  as  the  platform  reaches  the  point  where  the  effect  of  gravity  exactly  com¬ 
pensates  for  (cancels)  the  initial  imbalance  (Fig.  6.6b),  the  accelerometer  signal 
will  become  zero.  The  rate  of  change  in  the  output  signal  of  the  first  integrator 
will  also  drop  to  zero  in  the  process.  The  second  integrator  will  record  this  as  a 
continuation  of  the  object's  motion  at  a  constant  speed  in  a  clockwise  direction 
and  will  gradually  increase  the  "distance  gone"  output  signal,  through  which  the 
platform  will  be  forced  to  continue  turning  in  the  previous  direction. 

As  the  platform  turns,  the  elastically  suspended  body  of  the  accelerometer 
swings  by  the  force  of  gravity  to  the  right,  producing  a  signal  of  the  opposite 
polarity  at  the  accelerometer  output  which  makes  it  appear  that  the  object  has 
slowed  down.  When  the  angle  through  which  the  platform  swings  to  the  right  Is 
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Fig.  6.7.  Graph  showing  errors 
in  system  with  oscillation  period 
of  64.1;  min. 

such  that  the  body  of  the  accelerometer 
moves  away  from  the  center  by  a  value 
equal  in  absolute  terms  and  opposite  in 
sign  to  the  initial  harmful  deviation, 
the  signal  at  the  output  of  the  first  In¬ 
tegrator  becomes  zero  (Fig.  6.6c).  A 
signal  with  a  negative  sign  will  then  be¬ 
gin  to  appear  at  the  first  Integrator  out¬ 
put,  showing  that  the  object  has  seeming¬ 
ly  begun  to  move  in  the  reverse  direction. 


As  a  result,  the  output  signal  of  the  se- 

Fig.  6.6.  Diagram  illustrating  oscil¬ 
lations  of  platform,  l)  Stabilized  cond  integrator  is  reduced,  which  makes 
platform;  2)  accelerometer;  3)  accel¬ 
eration  indicator;  4)  first  Integra-  the  platform  turn  in  the  reverse  direc¬ 
tor;  5)  speed  Indicator;  6)  second  in¬ 
tegrator;  7)  ireiicator  of  distance  tlon,  i.e.  counterclockwise.  During  this 

traversed . 

reversal  the  platform  will  again  pass  a 


point  where  the  imbalance  of  the  elastically  suspended  body  of  the  accelerometer 
will  be  exactly  compensated  by  gravity  (Fig.  6.6g).  At  this  point  the  acceleration 
will  be  zero  and  the  speed  in  absolute  values  will  be  equal  to  the  speed  in  Fig. 
6.6g,  being  different  only  in  sign.  When  the  platform  moves  further  in  a  counter¬ 
clockwise  direction  it  will  reach  the  position  shown  in  Fig.  6.6e,  after  which  the 
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whole  cycle  will  be  repeated.  I  * 

I 

If  the  parameters  of  the  oscillatory  system  under  consideration  are  selected  in 

I  i 

*uch  a  way  that  lta  oscillation  period  is  B4.U  min,  the  system  will  behave  like 
Schuler's  pendulum.  The  error  in  the  calculated  distance  will  also  oscillate  with 

a  period  of  81* .4  miu.  A  rough  graph  of  these  errors  is  given  in  Fig.  6.7.  The 

1  | 

amplitude  of  the  oscillation  of  the  error  depends  on  the  sensitivity  and  the  pre¬ 
cision  of  the  accelerometer,  gyroscopes  (if  the  system  is  constructed  as  in  Fig.  6.5), 
servodrlves,  and  Integrators.  ! 

!  1 

Section  5  Effect  of  the  Coriolis  Acceleration  and  the  Nonspherlcal 
Shape  of  the  Earth  on  the  Operation  of  the  Inertial  System  of  Navigation 


Rotational  acceleration  (Corioils  acceleration)  affects  the  operation  of  the 

inertial  system  of  navigation  to  a  certain  extent. 

If  the  Earth  did  not  turn  on  its  own 

axis,  an  object  flying,  let  us  say,  from 
the  Equator  to  the  North  Pole  along  a 
straight  ground  course  would  follow  the 
straight  path  shown  in  Fig.  6.8a.  In 
actual  fact,  however,  on  account  of  the 
rotation  of  the  Earth,  while  flying  along 
a  meridian  the  object  describes  a  curved 
path  in  absolute  space  (Fig.  6.5b).  An 


Fig.  6.8.  Effect  of  Earth's  rota¬ 
tion  on  the  path  of  a  guided  ob¬ 
ject  in  absolute  space  when  flying 
from  the  Equator  to  the  North  Pole 
ou  *.  steady  course.  (§)  Path  rela¬ 
tive  to  ground  (the  absolute  path 
would  be  the  same  if  the  Earth  did 
not  rotate);  (b)  actual  absolute 
path. 


observer  located  in  space  above  the  Pole 
would  see  it  as  such.  This  path  testifies  to  the  constant  change  in  the  magnitude 
,anl  direction  of  the  object's  speed  in  inertial  space  and  to  the  effect  of  Coriolis 
,  (rotational)  acceleration  on  the  object;  to  compensate  for  this  the  output  signals 
i  of  the  S-N  and  V-E  accelerometers  have  to  be  corrected. 

The  nonspherlcal  shape  of  the  Barth  has  a  certain  effect  on  the  operation  of 
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the  inertial  system  of  navigation.  If  the  Earth  were  perfectly  spherical,  the  ver¬ 
tical  fixed  by  oeans  of  a  pendulum  with  an  oscillation  period  of  84.4  min  would  be 
the  same  as  a  line  from  a  point  on  the  s-irface  of  the  earth  to  Its  center.  As  a  re 
suit  of  the  slightly  flattened  shape  of  the  Earth,  however,  a  vertical  line  does 
not  correspond  to  a  line  to  the  center  of  the  Earth.  The  angle  between  them  at  a 
latitude  of  45°  is  approximately  11  minutes.  The  noncoincidence  of  the  lines  gives 
rise  to  a  harmful  acceleration.  The  inertia  caused  thereby  affects  the  S-N  accel¬ 
erometer  and  this  effect  in  long-range  inertial  systems  must  also  be  corrected. 


Section  6.  Combining  Inertial  Systems  of  navigation  With  Other 

Navigational  Systems  ~ ~  ~  ' 


A  purely  inertial  syatem  of  navigation  (Pig.  £.9)  requires  Its  component 
units  the  accelerometers,  gyroscopes,  computing  devices,  servod rives,  and  other 
instruments  to  possess  a  very  high  degree  of  accuracy  compared  with  similar  in¬ 
struments  used  in  aircraft  at  the  present  time.  The  problem  of  achieving  the  re¬ 
quired  accuracy  in  the  inertial  system  components  has  not  yet  been  fully  solved; 
at  the  moment,  therefore,  so-called  combined  systems  have  appeared  alongside  de¬ 
signs  of  purely  inertial  systems,  in  which  the  accumulation  of  errors  Inherent  in 

the  latter  type  of  system  is  compensated 
for  by  the  use  of  signals  from  a  radar 
unit  on  board  the  guided  object,  or  by 
Fig.  6.9.  Block  diagram  of  purely  verification  of  the  speed  and 

iSEM  JLTlfCl^r  — —  - «—  — 

second  integrator;  4)  position  indica-  points, 
tor;  5)  confuting  device;  6)  stabil¬ 
ised  platform.  _ 

The  combined  inertial  system  of  navi- 

I 

gation  lacks  the  chief  advantage  of  the  purely  inertial  system,  to  wit,  complete 

Independence  from  outside  emission  and  the  absence  of  any  need  for  external 
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jreference  points.  In  certain  areas p  howeter,  the  use  of  combined  Inertial  systems 
la  fully  justified  on  account  of  the  email  size,  simplicity,  and  low  cost  of  the  ■ 
equipment  required  as  compared  to  the  equipment  used  in  purely  inertial  systems  of 

j  1 

navigation.  Civil  aviation,  for  instance,!  is  a  field  in  which  combined  systems  can 
toe  used  predominantly.  They  can  also  toe  used  in  military  aviation. 

One  of  the  best-known  combined  systems  is  formed  toy  the  addition  to  the  inertial 
system  of  a  radar  unit  working  on  the  principle  of  the  Doppler  effect.  The  radar 

I 

antenna  la  mounted  on  the  lower  surface  or  the  aircraft  or  rocket  and  faces  forwards 


or  backwards  at  an  angle  to  the  line  of  f. 


the  guided  object  Is  in  flight,  the  antenna  of  the  radar  unit  emits  a  continuous- 
wave  signal.  Part  of  the  signal  is  reflejted  from  the  earth's  surface  back  to  the 


antenna.  Its  frequency  differing  slightly 


ight,  tout  not  directly  downwards.  When 


from  that  of  the  original  signal  on  account 


of  the  Doppler  effect.  The  difference  toe  1  ween  the  frequencies  of  the  original  and 
reflected  signals  is  proportional  to  the  ipeed  of  the  object  above  the  earth.  By 
aaurlng  the  different  signals  along  an  Axis  parallel  to  the  longitudinal  axis  of  ( 
tha  object  and  also  along  its  transverse  J.  is  and  their  rector  summation  it  is  pos 


altole  to  obtain  the  true  ground  speed. 


i 

ine 


As  already  pointed  out,  the  purely  tdertial  system  calculates  the  ground  speed 
of  a  guided  object  toy  continuous  integration  of  the  output  signals  from  two  accel¬ 
erometers  with  the  necessary  correction  fir  the  earth's  rotation  and  other  factors. 
Tha  ground  speed  signal,  -alculated  by  the  first  integrator  la  sent  to  the  servo- 
drive  of  the  gyrostatollized  platform  carrying  the  accelerometers  and  turns  the 
platform  with  an  angular  velocity  equal  t<  the  angular  velocity  of  the  movement  of 
the  object  around  the  earth,  which  la  ess*  ntlal  to  maintain  the  horizontal  position  J 
of  the  accelerometers.  In  order  to  give  i  reading  of  the  distance  traveled,  the 
speed  signal  is  integrated  toy  the  second  Integrator.  That  is  what  happens  in  a 
purely  inertial  system  of  navigation  in  wl  icb,  as  already  pointed  out,  the  accuracy 
with  which  the  speed  and  the  distance  traveled  are  determined  will  gradually 
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deteriorate  is  tit  flight  continues  on  account  of  the  Inevitable  accumulation  of 

errors. 

In  a  combined  system  of  navigation  It  Is  possible  to  make  a  continuous  or 
periodic  ground-speed  correction  which  is  calculated  by  the  acceleration  Integrator. 
In  the  radar  system  making  use  of  the  Doppler  effect  this  is  done  in  the  following 
way.  The  ground  speed  signal  from  the  radar  unit  is  compared  with  the  speed  signal 
calculated  by  the  acceleration  Integrator.  If  there  is  any  discrepancy,  the  rele¬ 
vant  correction  Is  made  so  that  the  speed  signals  emitted  by  the  radar  unit  and  the 
Integrator  become  the  same. 

If  the  guided  object  is  flying  over  friendly  territory  where  detection  of  the 
rt*^ar  **l*Bion  from  the  object  is  of  r.o  danger  to  it,  the  radar  unit  can  be  left  on 
the  whole  time.  Under  the  circumstances  the  unit  can  act  as  the  basic  ground-speed 
Indicator,  and  the  accelerometer-integrator  system  can  be  used  to  average  the  mo¬ 
mentary  errors  and  interference  created  by  the  radar  unit  when  flying  over  rugged 
terrain. 

!  i 

j  Whea  the  8uided  object  Is  flying  over  foreign  territory  the  radar  unit  may  not 
work  the  whole  time  on  account  of  the  danger  of  instant  detection.  But  it  can  be 


automatically  switched  on  from  time  to  time  for  a  few  seconds,  and  then  be  switched 
off  for  considerably  longer.  Irregular  periods,  say  from  10  to  15  min.  Under  these 

I 

operating  conditions  the  periodic  correction  of  the  inertial-system  readings  Is 
kept  up,  and  the  chances  of  the  guided  object  being  spotted  are  greatly  reduced  at 
jfche  same  time.  A  block-diagram  of  an  inertial  system  of  navigation  combined  with  a 
radar  unit  working  on  the  principle  of  the  Doppler  effect  is  shown  In  Fig.  6.10. 

|  A  (US)  fins  working  m  the  field  of  Inertial  navigation  reports  that  the  com¬ 
bined  system  incorporating  both  Inertial  and  radar  principles  has  a  navigational 
terror  not  greater  than  1.5 1  of  the  distance  traveled  in  10  hr.  This  means  that  a 
bomber  flying  at  965  km/h r  towards  a  target  i*800  km  from  the  take-off  point  will 
remch  It  with  an  error  not  greater  than  72  km.  Inertial  systems  of  navigation  can 
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be  combined  with  otter  type-  of  redsr.  For  cample,  en  lnertlsl  system  Intended 
for  long-range  bomber,  or  transport  pla.es  can  be  further  equipped  ulth  a  radar  unit 
of  the  type  totalled  In  nlmllar  aircraft  for  observation  of  the  terrain  being 
floe  over  anl  for  bombing  purposes.  By  beeping  a  match  on  certain  knomn  lanharbs 
and  grennd  radar  beacons  mlth  the  aid  of  this  radar  unit  the  navigator  can  deter- 
»l„e  the  exact  position  of  hi.  aircraft.  He  aircraft',  coordinate,  detemlned  In 
this  way  can  then  be  compared  with  data  calculated  by  the  ln.rtl.1  aystem.  If  there 
i.  an,  discrepancy,  the  readings  of  tie  ln.rtl.1  system  can  be  corrected  accordingly. 

I  another  way  of  obtain!*  a  fix  In  order  to  cake  periodic  correction,  to  the 
inertial  system  1.  by  astronavlgstlon.  As  1.  known.  If  the  height  and  atlmuth  of 
tmo  star,  are  known,  the  geographical  coordinates  of  the  object  at  cry  point  on  the 
Earth's  surface  can  be  determined.  On.  of  the  most  Imported  problem,  of  m.tronm- 
eigmtloo  -  obtaining  an  exact  abxnl.nl  for  the  borlaontal  -  L  solved  by  using 
L  gyrostablllxed  platform  of  the  Inerts  syetem.  The  main  component  In  the  — 
troravlgnt loial  system  1.  the  eyste.  for  observing  the  heavenly  bodies  or  automntle 
prxxtoelectric  extant.  This  device  esn  sutosxxttc.lly  folio,  the  chosen  star  or 
Ll.net  at  night,  or  the  sun  during  the  dny.  A  fully  automatic  sysla-  of  astrona.l- 
Latloa  requires  two  stellar  observation  syetem.  mounted  on  s  repenting  etnblUxed 
Ltfor.  which  follow.  In  reverent  the  taste  gyre.lahlllred  platform  of  the  Inertlrtt 
Lyccem.  The  system  contains  .  computlog  device  which  reives  the  pnohlem.  of  spberl- 
Ll  trigonometry  in  the  calculations. 

j  The  observation  of  two  stars  makes  It  possible  in  principle  to  achieve  a  fully 
automatic  system  of  astronavigation.  If  the  astronavigat tonal  system  is  solely 
Led  to  correct  the  inertial  system,  a  stifled  aystem  following  only  one  star  can 
U  used.  A  rough  block  diagram  of  a  co.bii.ed  inertial  system  of  navigation  with 

Astronomic  correction  is  shown  in  Fig.  6.11. 

Inertial-astronomic  systems  of  navigation  are  being  used  at  the  present  time 

ln  ^  of  the  guided  missiles  produced  in  the  USA.  _ : 


r^fcssio ZY. 


I  Fig.  6.10.  Block  diagram  of  system  of 
inertial  navigation  combined  with  ra¬ 
dar  unit  working  on  the  principle  of 
the  Doppler  effect,  l)  Accelerometer; 
i  2)  radar  unit;  3)  first  integrator; 

I  4)  second  integrator;  5)  position  ln- 
I  dlcator;  6)  computer;  7)  stabilized 
platform. 


Fig.  6.11.  Rough  block  diagram  of 
inertial  system  of  navigation  com¬ 
bined  with  automatic  system  for 
following  a  celestial  body,  l)  Ac¬ 
celerometer;  2)  automatic  photosex¬ 
tant;  3)  first  integrator;  4)  se¬ 
cond  integrator;  5)  positior  indi¬ 
cator;  6)  computer  device;  7)  sta¬ 
bilized  platform. 


Section  7.  Some  Components  of  Inertial  Navigation  Systems 

i 

•  The  above-described  working  principles  of  inertial  systems  of  navigation  do 

I 

not  constitute  anything  new.  As  is  well  known,  a  navigational  system  of  this  kind 
Las  first  developed  in  the  Soviet  Union  by  E.  B.  Levental'  in  1932.  Nor  is  the 


equipment  used  in  Inertial  systems  original  in  principle.  It  has  been  possible  to 

|  1 

manufacture  a  complete  gyroscope  from  the  structural  point  of  view  for  about  fif¬ 
teen  years;  the  principle  of  the  pendulum  with  an  oscillation  period  of  84.4  min 

i 

uas  put  forward  by  Schuler  in  1923,  and  integrators,  servodrives,  and  other  kinds  of 
neasurlng  instruments  were  known  before  the  Second  World  War;  nevertheless,  despite 
the  fact  that  the  general  principles  of  the  system  of  inertial  navigation  and  its 
:omponents  have  long  been  familiar,  even  by  the  beginning  of  the  War  the  problem  of 
the  practical  realization  of  these  systems  had  not  been  emphasized  sufficiently 
inywhere.  j 

This  may  seem  strange  at  first  sight  since  the  advantages  of  the  inertial  sys¬ 
tem  considered  above  far  outweigh  those  of  all  the  known  systems  of  navigation. 
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Simple  calculations,  however,  will  show  that  in  spite  of  the  simplicity  of  the 
principles  of  the  system,  the  implementation  of  it  involves  the  greatest  difficul¬ 
ties.  It  has  taken  many  years  to  develop  the  theory  and  to  perfect  the  designs  and 
technology  of  production  of  the  gyroscopes,  accelerometers,  servodrlve  and  other 
instruments  making  up  the  inertial  navigation  system.  The  reason  for  the  great 
difficulty  in  actually  constructing  inertial  systems  is  first  and  foremost  that  the 
demands  made  upon  the  instruments  in  the  system  are  inordinately  severe. 

The  main  requirement  is  an  extremely  high  degree  of  accuracy  in  manufacturing 

i 

and  adjusting  the  instruments.  Gyroscopes,  accelerometers,  servodrives,  and  inte¬ 
grators  nave  long  been  useu  in  modem  navigational  systems,  but  the  accuracy  re¬ 


quired  from  them  in  inertial  systems  must  be  one  or  two  orders  greater  than  that 
attained  at  the  present  time.  Standard  and  batch-produced  components  for  inertial 
nysteigs  can  only  be  compared  as  to  accuracy  required  with  precision  instruments 
lsed  in  the  laboratory.  On  the  other  hand,  the  high  degree  of  accuracy  has  to  be 
combined  with  exceptional  shock  and  vibration  resistance  so  that  the  instruments 
can  work  in  the  exacting  conditions  encountered  in  high-speed  aircraft  and  rockets, 
tereover.  Inertial-system  instruments  intended  for  conventional  and  pilotless  air¬ 
craft  must  be  small  in  size  and  low  in  weight. 

The  second  and  no  less  important  requirement  in  these  instruments  is  that  they 
should  operate  accurately  and  reliably  ever  an  unusually  vide  range  of  input  values, 
r  ratio  of  the  maximum  measured  input  value  (e.g.  acceleration,  angular  velocity, 
|etc.)  to  the  minimum  in  some  instruments  may  reach  100,000.  This  is  an  entirely 
new  requirement  and  not  even  the  most  accurate  instruments  come  up  to  it.  It  is 
difficult  to  Imagine,  for  instance,  a  voltmeter  with  a  scale  reading  up  to  100  kv 
which  could  measure  with  great  accuracy  voltages  of  both  up  to  10  v  and  up  to 
100,000  v  without  changing  the  measurement  range  (scale).  In  this  connection  it  is 

of  Interest  to  recall  that  the  most  remarkable  natural,  "instrument"  as  regards  the 

I 

range  of  values  which  can  be  sensed  is  the  human  ear,  in  which  the  ratio  of  the 
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maximum  audible  value  (sound  intensity)  to  the  minimum  is  10^. 

At  present,  the  development  of  instruments  for  inertial  systems  of  navigation 
Is  proceeding,  along  two  lines:  on  the  one  hand,  the  instalments  of  familiar  design 
now  used  in  aircraft  are  being  perfected  from  the  point  of  view  of  accuracy,  speed 
of  action  and  range  of  response.  Hiese  instruments  (acceleroueters,  gyroscopes. 
Integrators,  computers  and  servodrives)  are  being  carefully  analyzed  from  the 
standpoint  of  maximum  accuracy  attainable  in  mass  production.  On  the  other  hand, 
many  experts  are  seeking  new  principles  in  the  construction  of  mechanical  and 
electrical  instruments  specially  adapted  to  work  in  inertial  eyatems  of  navigation. 

The  high  accuracy  required  in  Inertial  system  instruments  has  given  r'1-"  to 
the  need  for  special  precision  test  apparatus  without  which  verification  and  ad¬ 
justment  of  these  instruments  is  impossible.  Such  apparatus  includes  turntables 
for  testing  gyroscopes  with  precision  devices  to  measure  the  angular  velocity  with 
an  accuracy  of  several  milliradlans  per  day;  stands  for  testing  synchronous 
coupling  systems  with  an  accuracy  In  transmitting  the  component  angle  of  several 
minutes;  equipment  for  measuring  the  gyroscopic  moment  with  an  accuracy  of  mill 
millionths  of  a  gram-centimeter;  potentiometers  (compensators)  measuring  ac  current 
vlth  an  accuracy  of  hundredths  of  a  percent,  and  so  on.  In  its  turn,  the  building 
of  such  test  apparatus  may  require  the  development  of  completely  new  devices,  such 
as  reducerlesa  silent  electric  motors,  ultra-accurate  dr  and  ac  voltage  regulators, 
optical  instruments  for  measuring  slight  movement  and  so  on.  Thus  the  development 
of  inertial  systems  of  navigation  cannot  be  compared  with  the  development  of  a 
system  which,  although  new,  does  not  differ  very  much  In  principle  from  existing 
types.  Compared  with  known  methods  the  development  of  inertial  systems  is  a  tech¬ 
nological  Jump  forward  demanding  solutions  different  In  principle  In  the  field  of 
the  designing,  production  technique  and  testing  of  aircraft  Instruments. 

Imt  us  consider  in  general  terms  some  of  the  basic  elements  of  Inertial  navi¬ 
gation  systems,  with  the  exception  of  the  gyroscopes,  since  all  the  preceding 
chapters  of  the  book  have  been  devoted  to  them.  _  . 

m. 
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Accelerometers 


Devices  for  measuring  acceleration*  or  accelerometers,  are  Important  compo¬ 
nents  in  inertial  systems,  lb  measure  acceleration  of  motion  in  a  straight  line, 
so-called  linear  accelerometers  are  us*»d.  These  include,  for  example,  accelero¬ 
meters  which  work  by  measuring  the  movement  of  an  elastically  suspended  body. 
These  accelerometers  have  been  known  for  a  long  time  and  are  widely  used  in  re¬ 
search  of  various  kinds.  In  the  old  type  of  design  direct  methods  of  recording 
were  often  used,  for  example,  a  diamond  tip  which  made  scratches  or  a  glass  plate. 


Flf.  6.12.  Linear  accelerometer. 


Fig.  6.13.  Illustration  of  working 
principle  of  accelerometer  with  elec¬ 
tric  spring,  l)  Instrument  housing; 
2)  low  friction  bearings;  3)  electric 
motor  stator;  k)  armature  of  motor; 

5)  pendulum  weight. 


1 


[The  accelerometers  intended  for  aircraft  usually  use  electric  output-signal  pick- 
offs .  Figure  6.12  shows  sn  industrially  produced  linear  accelerometer  with  an  elec¬ 
tric  output  signal  pickoff.  This  accelerometer  is  intended  for  aircraft  and  short- 

| 

range  rockets  and  measures  positive  and  negative  accelerations  acting  in  a  horlzon- 

jtal  and  vertical  plane,  or  in  both  planes  at  once.  Accelerometers  of  this  kind  are 

l 

produced  in  batches  with  upper  limits  of  measurement  varying  from  5  g  to  50  g.  The 
"total  error  of  these  instruments  (scale,  hysteresis,  and  also  nonlinearity)  is  a 
jssximum  of  2^. 

|  In  developing  a  new  accelerometer  or  adapting  an  existing  one  for  an  inertial 
system,  the  problem  immediately  arises  of  the  range  of  measurable  acceleration  or 
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the  ratio  of  the  maximum  measurable  acceleration  to  the  minimum.  It  Is  considered 


► 

► 


that  this  ratio  should  be  of  the  order  of  100,000  If  the  system  Is  to  operate  sat¬ 
isfactorily.  It  Is  extremely  difficult  to  construct  an  accelerometer  with  an  elas¬ 
tically  suspended  body  with  tnls  ratio  since  at  saall  accelerations  the  operation 
of  the  Instrument  will  be  detrimentally  affected  by  friction  and  at  high  accelera¬ 
tions  there  will  be  errors  caused  by  hysteresis  of  the  elastic  suspension.  More¬ 
over,  the  designing  and  manufacture  of  springs  or  spring  systems  with  a  satisfac¬ 
tory  performance  over  such  a  wide  range  of  accelerations  Involves  great  complica¬ 
tions.  One  of  the  practical  ways  of  overcoming  this  difficulty  Is  to  use  a  me¬ 
chanical  spring  with  low  rigidity  together  with  a  so-called  "electric  spring." 

Figure  6.13  1°  an  Illustration  of  one  of  the  possible  applications  of  the  elec¬ 
tric-spring  method  In  the  construction  of  a  linear  accelerometer.  The  part  of  the 

' 

electric  spring  in  the  diagram  la  played  by  a  small  dc  electric  motor.  Be  arraa- 

!  • 

ture  U  of  the  motor  la  attached  immovably  to  the  Instrument  housing.  The  stator  3 

land  the  load  5  attached  to  It  Is  suspended  on  two  supports  in  the  low-friction 

I 

bearings  2.  If  there  Is  no  acceleration,  the  pendulum  thus  formed  hangs  vertical, 
i.e.,  In  Its  initial  position.  If  the  device  Is  shifted  horizontally  In  the  plane 
of  the  swing  of  the  pendulum  with  acceleration,  the  pendulum  will  swing  and  take  up 
the  position  shown  in  Fig.  6.13  by  the  dotted  line.  The  stator  U  will  turn  with  it. 
Let  us  now  Impress  upon  the  armature  a  voltage  of  a  polarity  and  magnitude  such  * 
'that  the  motor  develops  a  moment  sufficient  to  return  the  stator-pendulum  to  its 
i Initial  position,  corresponding  to  absence  of  acceleration.  The  voltage  which  is 

I  Impressed  upon  the  armature  and  which  causes  the  moment  of  the  motor,  compensating 

i 

|  in  this  case  for  the  moment  of  inertia,  will  be  proportional  to  the  linear  accel¬ 
eration  with  which  the  device  moveB.  Thu*  thu  device  acts  as  an  accelerometer  and 

jtbe  measurement  of  the  accej.eru.ton  is  the  value  of  the  voltage  needed  by  the  ar- 

I  , 

'mature  to  return  the  stator  to  Its  Initial  position. 

|  Since  moments  tending  to  return  the  stator  Immediately  to  its  initial  position 
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are  always  Impressed  upon  it  when  there  Is  acceleration,  the  angle  of  deflection  of 
the  stator  will  always  be  small.  This  means  that  the  accelerometer  measures  the 
linear  acceleration  and  does  not  experience  the  undesirable  effect  of  the  accelera¬ 
tion  of  gravity.  In  order  to  impress  a  voltage  on  the  armature,  use  can  be  made  in 
the  accelerometer  of  contact-type  or  other  pickoffs  which  react  to  the  deviation  of 
the  stator-pendulum  from  its  initial  position  and  in  response  send  a  voltage  to  the 
armature  which  keeps  increasing  until  the  stator  returns  to  its  initial  position. 

One  of  the  methods  of  the  measurement  of  acceleration  is  the  use  of  the  so- 
called  resonance  accelerometer.  This  instrument  contains  a  vibrating  unit,  the  re¬ 
sonance  frequency  of  which  varies  with  the  acceleration  with  which  it  moves.  The 

deviation  of  the  resonance  frequency  is  proportional  to  the  acceleration.  Hence, 

i 

If  we  calculate  the  difference  between  the  number  of  oscillations  which  would  have 

i 

occurred  in  a  given  time  interval  if  there  were  no  acceleration  and  the  number  of 


oscillations  occurring  over  the  same  period  when  there  is  oscillation,  it  will  be 
proportional  to  the  integral  of  the  acceleration,  i.e. ,  proportional  to  the  varia- 


xin  in.  speed  over  the  given  time  interval.  Thus,  the  resonance  accelerometer  is  a 

presentative  of  the  so-called  integrating  accelerometers  whose  use  can  simplify 

! 

e  problem  of  the  instruments  needed  for  the  inertial  system  of  navigation.  Cer- 


aln  experts  believe  that  resonance  accelerometers  eventually  may  replace  conven- 
lonal  accclerometerB. 


Integrators 


j  At  the  present  time  there  are  various  types  of  integrators  in  existence  and  in 
actual  use.  Kethods  of  "machine"  integration  have  been  carefully  studied,  and  any 
Lresent-day  computer  can  cope  with  integration  processes.  When  this  method  of  in¬ 


tegration  Is  used  in  inertial  systems  of  navigation,  however,  we  encounter  the  same 
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difficulties  which  perpetually  accompany  these  systems,  to  wit,  accuracy,  resistance 
to  vibration,  range  of  response,  and  so  on.  The  specific  conditions  in  which  Iner¬ 
tial  navigation  systems  perate  make  it  difficult  to  utilise  the  conventional  inte¬ 
grators  used  in  the  laboratory. 


Tig.  6.l4.  Diagram  showing  components  of  electromechanical  integrator  of 
!  the* Integrating -drive  type,  l)  Two-phase  taebo me tergenera tor;  2)  liquid 

i  dMBer:  3)  two-phase  induction  motor;  4)  output  shaft;  5)  potentiometer- 
j  plckoff;  6)  output  shaft  of  reducer;  7)  potentiometer  wiper;  8)  reducer; 

9)  amplifier;  ID)  comparator. 

|  1 

One  of  the  commonest  integrators  in  inertial  system?  1 "  the  electromechanical 

(integrator  of  the  integrating  drive  type  with  an  ac  tachometergenerator.  It  is  a 
shaping- type  integrator. 

A  diagram  showing  the  component  parts  of  thle  type  of  integrator  is  given  in 
Tig.  6.14.  The  chief  requirement  is  that  the  angular  velocity  of  the  output  shaft 
6  vlth  respect  to  the  Instrument  housing  should  be  proportional  with  a  high  degree 

* 

!of  accuracy  to  the  input  voltage  U^.  The  input  voltage  U1q  is  sent  to  the  com¬ 
parator  10.  The  latter  simultaneously  receives  a  voltage  from  the  precision 
tachometergenerator  1,  mounted  on  the  output  shaft  U,  proportional  to  the  momentary 
value  of  the  angular  velocity  of  the  output  shaft.  The  difference  voltage  Is  pick¬ 
ed  off  the  comparator  output  and  is  sent  after  amplification  by  the  anplifier  9  to 
the  control  vimling  of  the  two-phase  induction  motor  3,  the  rotor  of  which  is 

321 
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connected  to  the  output  shaft.  The  difference  voltage  and,  consequently,  the  rota¬ 
tional  moment  of  the  motor  become  zero  only  when  the  velocity  of  the  rotation  of 
the  abaft  1  (the  motor  rotor)  Is  exactly  proportional  to  the  value  of  the  Input 
voltage  .  Let  us  suppose  that  the  output  shaft  at  the  moment  under  considera¬ 
tion  is  rotating  at  an  angular  velocity  exactly  proportional  to  the  Input  voltage. 

On  account  of  the  difference  voltage  equalling  zero,  the  rotation  of  the  shaft  will 
then  begin  to  slow  down  and  Its  angular  velocity  will  cease  to  be  proportional  to 

the  Input  voltage  U.  .  As  a  result  of  the  voltage  U  developed  by  the  tachometer- 
-in  “^o 

'generator  will  fall  below  the  Input  voltage  U1q.  The  result  of  this  will  be  another 
difference  voltage  and  the  rotation  of  the  output  shaft  will  begin  to  accelerate. 

At  the  moment  the  angular  velocity  of  the  output  shaft  reaches  a  value  proportional 
to  the  Input  voltage  U^,  the  difference  voltage  will  again  become  zero.  If  the 
■ng.ilar  velocity  of  the  output  shaft  exceeds  the  required  value,  there  will  again  be 
a  difference  voxtage,  but  this  time  Its  phase  will  be  such  that  It  will  cause  the 
Motor  to  slow  down;  this  will  continue  until  the  ang  ar  velocity  of  the  output 
Shaft  becomes  proportional  to 

Hence  the  difference  voltage  is  always  such  that  it  brings  the  angular  velocity 
jf  the  output  shaft  to  a  value  proportional  to  the  Input  voltage  Since  the 

»ngiii«r  velocity  of  the  output  shaft  6  is  proportional  to  the  input  voltage  U^,  its 
ingle  of  rotation,  and  consequently  the  output  voltage  picked  off  the  potentio¬ 

meter  5  (Fig.  6.14),  will  be  proportional  to  the  integral  of  the  input  voltage  U1q 
with  respect  to  time. 

The  parameters  of  the  design  are  choBen  in  such  a  way  that  the  deviations  of 

the  angular  velocity  of  the  output  shaft  from  a  value  proportional  to  the  input 

i 

voltage  are  fairly  small.  The  liquid  damper  2  is  mounted  on  the  output  shaft  to 
^reduce  its  free  oscillations  to  a  minimum. 

!  This  type  of  Integrator  works  satisfactorily  in  conventional  systems  of  air¬ 


craft  navigation.  Inertial  systems  of  navigation,  however,  which  require  the 
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Integration  of  signals  from  extremely  small  (thousandths  of  a  §)  up  to  very  large 
(tens  of  g)  accelerations,  need  an  Integrator  vlth  considerably  greater  accuracy 
which  can  >ork  over  a  wide  range  of  input  values.  One  way  to  solve  this  problem 
Is  to  use  Multistage  Integrators  of  the  Integrating  drive  type.  The  firm  Bosch 
Ansa  has  constructed  a  two-stage  Integrator  In  which  each  of  the  two  tachometer- 
generators  works  in  Its  own  range  of  velocities  and  voltages,  and  which  has  a  cor¬ 
responding  circuit  for  selecting  the  ranges. 

Another  analog-integrator  is  the  dc  integrating  amplifier.  The  output  signal 
of  this  amplifier  is  proportional  to  the  integral  of  the  input  voltage  with  re¬ 
spect  to  time.  A  critical  component  in  the  integrating  amplifier  is  the  high- 
grade  condenser  connected  to  the  feedback  circuit.  The  leakage  current  from  the 
condenser  and  the  dielectric  loss  in  the  Insulation  must  be  very  small  in  order  to 
obtain  the  necessary  accuracy  in  integration. 

The  moat  convenient  instruments  for  integrating  pulse  signals,  for  instance 

I 

resonance  accelerometer  signals,  ore  integrators  of  the  digital  type  or  pulse 
counters .  The  digital  integrators  can  provide  any  desired  degree  of  accuracy 
whereas  in  the  analog-integrator  the  required  degree  of  accuracy  is  frequently  un¬ 
attainable  through  limitations  in  design  and  production  technique. 

i 

1 

I  l 

!  ! 

Computing  Devices 

|  Analog  computers,  which  make  calculations  involving  prooiems  of  spherical  tri¬ 
gonometry,  have  been  used  in  aircraft  for  some  time.  In  using  them  in  inertial 
;  systems  of  navigation  the  greatest  difficulty  encountered  is  obtaining  the  desired 
accuracy.  This  problem  frequently  makes  it  impossible  to  use  analog  computers  in 

I  ! 

inertial  systems.  ' 

I 

| _  obrioiiM  solution  to  the  problem  is  to  use  binary  digital  computers  which 
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can  provide  practically  any  declred  degree  of  accuracy  with  only  a  slight  Increase 
in  size,  weight,  ani  cost  as  compared  with  analog  computers.  An  example  of  a  mod¬ 
ern  aircraft  digital  computer  Is  the  differential  analyzer  made  by  the  North 
American  Aviation  firm.  This  device,  which  contains  93  integrators,  weighs  5&*5 
kg,  takes  up  a  volume  of  0.028  m^,  and  consumes  only  100  watts.  An  additional  ad¬ 
vantage  of  digital  computers  in  inertial  systeas  of  navigation  is  that  they  can  be 
used  at  the  same  time  for  calculations  in  connection  with  bombing,  fire  control,  etc. 
besides  navigational  problem':.  Present-day  digital  computers  work  so  rapidly  that 
they  can  solve  navigational  problems  In  fractions  of  a  second  and  then  make  a  cal¬ 
culation  connected  with  bombing,  after  which  they  can  go  back  to  inertlal-naviga- 
tlon  problems.  The  advantages  of  digital  computers  have  earned  them  a  prominent 
place  In  rev  inertial  systems  of  navigation. 

t 

I 

j 

i  Servodrlves 

»  i 

I  1 

I 

It  la  clear  that  although  we  have  highly  sensitive  and  reliable  accelerometers 

t 

land  gyroscopes  as  well  as  Integrators  and  computing  devices.  It  is  still  Impossible 
jto  construct  an  Inertial  system  of  navigation  until  we  have  developed  servodrlves 
which  can  stabilize  the  platform  carrying  the  accelerometers  sufficiently  accurate¬ 
ly  and  rapidly.  The  ability  of  gyroscopes  to  detect  the  slightest  rotation  about 
|tbelr  axes  ani  the  capacity  of  accelerometers  to  record  the  slight  accelerations 
Will  be  of  no  avail  unless  the  servodrlves  are  able  to  react  to  the  extremely  weak 

I 

signals  emitted  by  these  Instruments  and  turn  the  platform  appropriately  in  re- 

i 

spouse.  Servodrlves  must  provide  exact  geometric  stabilization  of  the  platform  no 
patter  what  computed  changes  in  the  position  of  the  aircraft  or  rocket  may  occur 
In  the  air.  The  rapidity  with  which  servodrlves  Intended  for  inertial  systems  must 
work  Is  very  great  and  the  dynamic  errors  must  be  very  small.  The  whole 
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aervosystem  will  not  work  well  unless  ltB  component  parts  --the  amplifier,  slave 
motors,  and  reducer  --possess  the  necessary  accuracy,  linearity,  small  time  con¬ 
stant,  and  good  dynamic  characteristics. 

In  developing  a  servodrive  for  an  inertial  system  of  navigation  we  should  not 
only  make  use  of  everything  that  is  known  in  the  theory  of  servosystems,  but  also 
devise  entirely  new  methods  of  analysis  and  computation. 


i 


i 


i 
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